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Je déclare avoir respecté, dans la conception et la rédaction de ce mémoire d’HDR, les valeurs et 
principes d’intégrité scientifique destinés à garantir le caractère honnête et scientifiquement 
rigoureux de tout travail de recherche, visés à l’article L.211-2 du Code de la recherche et énoncés par 
la Charte nationale de déontologie des métiers de la recherche et la Charte d’intégrité scientifique de 
l’Université de Montpellier. Je m'engage à les promouvoir dans le cadre de mes activités futures 
d'encadrement de recherche.
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1. Curriculum Vitae  

PERSONAL INFORMATION 

Family name, First name: Garchitorena Garcia, Andrés 

Researcher unique identifier: ORCID 0000-0001-6225-5226 

Date of birth: June 23rd 1986 

Nationality: Spanish 

Status: Married, 1 child 

 

PROFESSIONAL INFORMATION 
CRCN - Institut de Recherche pour le Développement 
MIVEGEC (IRD 224-CNRS 5290-UM) 
IRD Délégation Régionale Occitanie 
911, av. Agropolis BP 64501 
34394 Montpellier Cedex 5 
FRANCE 
phone: +33 (0) 4 67 41 61 71 
www.mivegec.ird.fr/ 
 
Languages: Spanish, French, English. 
 

• EDUCATION 

2011-2014  PhD in Microbiology & Parasitology.  

 Title: Infectious Diseases, Ecosystems and Poverty: the Case of Buruli Ulcer in 
Cameroon 

 Doctoral School on Integrated Systems in Biology, Agronomy, Geosciences, 
Hydrosciences and Environment (SIBAGHE). University of Montpellier 2, France 

 PhD Supervisors: Jean Francois Guégan & Benjamin Roche 

2011-2014   Complementary doctoral training in Public Health 

 French Doctoral Network in Public Health, France 

2009-2011   European Master in Public Health (“Europubhealth”), environmental health track. 

 M1: Andalusian School of Public Health, Spain. M2: French School of Public Health, 
France 

2004-2009   Doctor of Veterinary Medicine 

 School of Veterinary Medicine. “Complutense” University of Madrid, Spain   
 

• CURRENT POSITIONS 

2021 – Interim Director  

 Représentation de l’IRD et du MNHN à Madagascar 

2017 – Research Scientist (CRCN) 

 MIVEGEC, Institut de Recherche pour le Développement, France 

2019 – Associate Scientific Director  

 NGO PIVOT, Madagascar 

 

• PREVIOUS POSITIONS 

2015 – 2017 Postdoctoral research fellow 

 Department of Global Health and Social Medicine, Harvard Medical School, USA 

2015 – 2017 Research Manager 

 NGO PIVOT, Madagascar 
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• FELLOWSHIPS AND AWARDS  
2011 – 2014      PhD doctoral fellowship (~100,000 €) 
 French School of Public Health, France 

2009 – 2011  Graduate scholarship to pursue a Master program (42,000 €) 

 La Caixa Foundation, Spain. Academic Merit. 

2004 – 2006  Undergraduate scholarship for students with academic excellence (10,000 €) 

 Comunidad de Madrid and Ministry of Education, Spain. Academic Merit. 

 

• REVIEWING ACTIVITIES  
2015 –  Ad hoc reviewer for The Lancet Infectious Diseases, The Lancet Planetary Health, 

Ecology Letters, elife, PLoS Neglected Tropical diseases, BMJ Global Health, 
Scientific Reports, Infectious Diseases of Poverty, Parasites & Vectors, Virulence, 
BMJ Open, EcoHealth, BMC Public Health, International Journal of Health 
Geographics, HRB Open Research. 

2020 Referee for the UK Medical Research Council (African Research Leader Scheme).  
 

• MEMBERSHIPS  
2020 – Advisory Board Member, Network “PLAHNET-Planetary Health Network of Young 

Professionals” 
2017– 2019 Member. Working group. National Center for Ecological Analysis and Synthesis 

(NCEAS) and Science for Nature & People Partnership (SNAP) group “Ecological levels 
for health” 

 

• CURRENT PROJECTS  
2022-2025 “PREventing ZOonotic Diseases Emergence (PREZODE) – AfriCam Project – Madagascar 

Pilot” 

Role: co-PI. Budget: 1,800,000 € (total 10M€ for 5 countries). Funder: AFD, France 
2022-2024 “LSM: Assessing the effectiveness of bacterial larvicides on malaria prevalence and 

incidence in two districts of Madagascar“ 
Role: coinvestigator. Budget: 340,000 €. Funder: USAID-PMI, United States 

2021-2023 “Malaria remote populations (MRP): scaling tools for fine-scale geographic 
accessibility modelling in South Eastern Madagascar” 
Role: PI. Budget: 64,000 €. Funder: USAID-PMI, United States 

2019-2023 “SMALLER: Surveillance and control of malaria at the local level using e-health 
platforms” 
Role: PI.  Budget: 229,000 €. Funder: ANR, France 

2019-2023  « CCM-malaria: Assessing the feasibility and effectiveness of community case 
management of malaria for all ages in Madagascar » 
Role: co-PI. Budget: 850,000 €. Funder: USAID-PMI, United States 

2014-2023  « I-HOPE: Ifanadiana Health Outcomes and Prosperity evaluation » 
Role: co-PI. Budget: 450,000 €. Funder: Herrnstein family foundation & NGO Pivot 

2021-2022  “SAY IHOPE: Serological Analysis of clinically relevant diseases in the IHOPE cohort” 
Role: co-PI. Budget: 100,000 €. Funder: NGO Pivot 

2021-2022 “PHDI: Population impact, Health geography and Disease eco-epidemiology 
in Ifanadiana” 
Role: PI. Budget: 20,000 €. Funder: NGO Pivot 
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2. Publications and communications

List of publications 

At the beginning of April 2022, I have 34 peer reviewed articles (47% of which as first or last author), 

4 contributions to books or book chapters, 2 conference abstracts published in peer reviewed 

journals, and 4 preprints in public repositories (not peer reviewed).  

ORCID ID: 0000-0001-6225-5226 

Total number of citations: 632 (h-index: 15; i10-index: 24)

(source google scholar: https://scholar.google.com/citations?user=2eqsHPMAAAAJ&hl) 

Table 1. Summary of publications according to journal impact factor 

Journal Impact Factor 
(categories) 

Number of article 
publications 

Number of article publications 
as first or last author 

Impact Factor 
(range) 

Over 10 1 1 11 

Between 5 and 10 14 9 5,3-9,4 

Between 3 and 5 14 5 3,1-4,4 

Less than 3 5 1 2-2,8 

List of peer reviewed articles (first author students I have supervised are underlined and in bold) 

2022-1 

- Rajaonarifara E, Bonds MH, Miller AC, Ihantamalala FA, Cordier L, Razafinjato B, Rafenoarimalala 

FH, Finnegan KE, Rakotonanahary RJL, Cowley G, Ratsimbazafy B, Razafimamonjy F, 

Randriamanambintsoa M, Raza-Fanomezanjanahary EM, Randrianambinina A, Metcalf CJ, Roche B, 

Garchitorena A. Impact of health system strengthening on delivery strategies to improve child 

immunisation coverage and inequalities in rural Madagascar. BMJ Glob Heal. 2022;7(1):1–13.  

2021-6 

- Ihantamalala FA, Bonds MH, Randriamihaja M, Rakotonirina L, Herbreteau V, Révillion C, 

Rakotoarimanana S, Cowley G, Andriatiana TA, Mayfield A, Rich ML, Rakotonanahary RJL, Finnegan 

KE, Ramarson A, Razafinjato B, Ramiandrisoa B, Randrianambinina A, Cordier LF, Garchitorena A. 

Geographic barriers to establishing a successful hospital referral system in rural Madagascar. BMJ 

Glob Heal. 2021;6(12).  

- Sayre D, Steinhardt LC, Irinantenaina J, Dentinger C, Rasoanaivo TF, Kapesa L, Razafindrakoto J, 

Legrand A, Prada N, Gutman J, Lewis L, Mangahasimbola RT, Andriamananjara M, Ravaoarinosy AV, 

Ralemary N, Garchitorena A, Harimanana A. Baseline malaria prevalence and care-seeking 

behaviours in rural Madagascar prior to a trial to expand malaria community case management to 

all ages. Malar J. 2021;20(1):1–13.  

- Garchitorena A, Ihantamalala FA, Révillion C, Cordier LF, Randriamihaja M, Razafinjato B, 

Rafenoarivamalala FH, Finnegan KE, Andrianirinarison JC, Rakotonirina J, Herbreteau V, Bonds MH. 

Geographic barriers to achieving universal health coverage: evidence from rural Madagascar. 

Health Policy Plan. 2021;00:1–12.  
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- Rakotonanahary RJL, Andriambolamanana H, Razafinjato B, Raza-Fanomezanjanahary EM, 

Ramanandraitsiory V, Ralaivavikoa F, Tsirinomen’ny Aina A, Rahajatiana L, Rakotonirina L, Haruna 

J, Cordier LF, Murray MB, Cowley G, Jordan D, Krasnow MA, Wright PC, Gillespie TR, Docherty M, 

Loyd T, Evans M V., Drake JM, Ngonghala CN, Rich ML, Popper SJ, Miller AC, Ihantamalala FA, 

Randrianambinina A, Ramiandrisoa B, Rakotozafy E, Rasolofomanana A, Rakotozafy G, 

Andriamahatana Vololoniaina MC, Andriamihaja B, Garchitorena A, Rakotonirina J, Mayfield A, 

Finnegan KE, Bonds MH. Integrating Health Systems and Science to Respond to COVID-19 in a Model 

District of Rural Madagascar. Front Public Heal. 2021;9(July):1–10.  

- Evans M V., Bonds MH, Cordier LF, Drake JM, Ihantamalala F, Haruna J, Miller AC, Murdock CC, 

Randriamanambtsoa M, Raza-Fanomezanjanahary EM, Razafinjato BR, Garchitorena A. Socio-

demographic, not environmental, risk factors explain fine-scale spatial patterns of diarrhoeal 

disease in Ifanadiana, rural Madagascar. Proceedings Biol Sci. 2021;288(1946):20202501.  

- Hyde E, Bonds MH, Ihantamalala FA, Miller AC, Cordier LF, Razafinjato B, Andriambolamanana H, 

Randriamanambintsoa M, Barry M, Andrianirinarison JC, Andriamananjara MN, Garchitorena A. 

Estimating the local spatio-temporal distribution of malaria from routine health information 

systems in areas of low health care access and reporting. Int J Health Geogr. 2021;20(1):1–17.  

2020-7 

- Cordier LF, Kalaris K, Rakotonanahary RJL, Haruna J, Mayfield A, Marovavy L, Meg G, Tsirinomen A, 

Ratsimbazafy B, Loyd T, Ihantamalala F, Garchitorena A, Bonds MH, Finnegan KE, Aina T, 

Ratsimbazafy B, Razafinjato B, Loyd T. Networks of Care in Rural Madagascar for Achieving Universal 

Health Coverage in Ifanadiana District Networks of Care in Rural Madagascar for Achieving 

Universal Health Coverage in Ifanadiana District. Heal Syst Reform. 2020;6(2).  

- Roche B, Garchitorena A, Roiz D. The impact of lockdown strategies targeting age groups on the 

burden of COVID-19 in France. Epidemics. 2020;33:100424. 

- Garchitorena A, Miller AC, Cordier LF, Razanadrakato TR, Randriamanambintsoa M, Randriamihaja 

M, Razafinjato B, Finnegan KE, Haruna J, Rakotonirina L, Rakotozafy G, Raharimamonjy L, Atwood 

S, Murray MB, Rich M, Loyd T, Solofomalala GD, Bonds MH. District-level health system 

strengthening for universal health coverage : evidence from a longitudinal cohort study in rural 

Madagascar , 2014- 2018. BMJ Glob Heal. 2020;5:e003647.  

- Evans MV, Garchitorena A, Rakotonanahary RJL, Drake JM, Andriamihaja B, Rajaonarifara E, 

Ngonghala CN, Roche B, Bonds MH, Rakotonirina J. Reconciling model predictions with low 

reported cases of COVID-19 in Sub-Saharan Africa: insights from Madagascar. Glob Health Action. 

2020;13(1).  

- Roche B, Garchitorena A, Guégan JF, Arnal A, Roiz D, Morand S, Zambrana-Torrelio C, Suzán G, 

Daszak P. Was the COVID-19 pandemic avoidable? A call for a “solution-oriented” approach in 

pathogen evolutionary ecology to prevent future outbreaks. Ecol Lett. 2020;23(11):1557–60.  

- Ihantamalala FA, Herbreteau V, Revillion C, Randriamihaja M, Commins J, Andreambeloson T, 

Rafenoarivamalala FH, Randrianambinina A, Cordier LF, Bonds MH, Garchitorena A. Improving 

geographical accessibility modeling for operational use by local health actors. Int J Health Geogr. 

2020;19(27).  

- Miller AC, Garchitorena A, Rabemananjara F, Cordier L, Randriamanambintsoa M, Rabeza V, 

Razanadrakoto HTR, Rakoto Ramakasoa R, Ramahefarisontiana O, Ratsimbazafy BN, Ouenzar MA, 

Bonds MH, Ratsifandrihamanana L. Factors associated with risk of developmental delay in 
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preschool children in a setting with high rates of malnutrition: A cross-sectional analysis of data 

from the IHOPE study, Madagascar. BMC Pediatr. 2020;20(1):1–11.  

2019-1 

- Ezran C, Bonds MH, Miller AC, Cordier LF, Haruna J, Mwanawabenea D, Randriamanambintsoa M, 

Razanadrakato R, Ouenzar MA, Murray M, Garchitorena A. Assessing trends in the content of 

maternal and child care following a health system strengthening initiative in rural Madagascar : A 

longitudinal cohort study. PLoS Med. 2019;16(8):1–23.  

2018-5 

- Garchitorena A, Raza-Fanomezanjanahary EM, Mioramalala SA, Chesnais C, Ratsimbasoa CA, 

Ramarosata H, Bonds MH, Rabenantoandro H. Towards elimination of lymphatic filariasis in 

southeastern Madagascar: Successes and challenges for interrupting transmission. PLoS Negl Trop 

Dis. 2018;12(9):e0006780.  

- Garchitorena A, Miller AC, Cordier LF, Rabeza VR, Randriamanambintsoa M, Razanadrakato H-TR, 

Hall L, Gikic D, Haruna J, McCarty M, Randrianambinina A, Thomson DR, Atwood S, Rich ML, Murray 

MB, Ratsirarson J, Ouenzar MA, Bonds MH. Early changes in intervention coverage and mortality 

rates following the implementation of an integrated health system intervention in Madagascar. 

BMJ Glob Heal. 2018;3(3):e000762.  

- Miller AC, Garchitorena A, Rabeza V, Randriamanambintsoa M, Razanadrakato H-TR, Cordier L, 

Ouenzar MA, Murray MB, Thomson DR, Bonds MH. Cohort Profile: Ifanadiana Health Outcomes and 

Prosperity longitudinal Evaluation (IHOPE). Int J Epidemiol. 2018;0(0):1–7.  

- Mccuskee S, Garchitorena A, Miller AC, Hall L, Ouenzar A, Rabeza VR, Ramananjato RH, Rahaniraka 

H, Randriamanambintsoa M, Barry M, Matthew H, Mccuskee S, Garchitorena A, Miller AC, Hall L, 

Ouenzar A, Rabeza VR, Ramananjato RH, Razanadrakato HR, Randriamanambintsoa M, Barry M, 

Bonds MH. Child malnutrition in Ifanadiana district, Madagascar : associated factors and timing of 

growth faltering ahead of a health system strengthening intervention. Glob Health Action. 

2018;11(1).  

- Bonds MH, Ouenzar MA, Garchitorena A, Cordier LF, McCarty MG, Rich ML, Andriamihaja B, Haruna 

J, Farmer PE. Madagascar can build stronger health systems to fight plague and prevent the next 

epidemic. PLoS Negl Trop Dis. 2018; 12(1): e0006131 

-  

2017-4 

- Garchitorena A, Miller AC, Cordier LF, Ramananjato R, Rabeza VR, Murray M, Cripps A, Hall L, 

Farmer P, Rich M, Orlan AV, Rabemampionona A, Rakotozafy G, Randriantsimaniry D, Gikic D, Bonds 

MH. In Madagascar, use of health care services increased when fees were removed: Lessons for 

universal health coverage. Health Aff. 2017;36(8):1443–51.  

- Miller AC, Ramananjato RH, Garchitorena A, Rabeza VR, Gikic D, Cripps A, Cordier L, Rahaniraka 

Razanadrakato H-T, Randriamanambintsoa M, Hall L, Murray M, Safara Razanavololo F, Rich ML, 

Bonds MH. Baseline population health conditions ahead of a health system strengthening program 

in rural Madagascar. Glob Health Action. 2017;10(1):1329961.  

- Garchitorena A, Sokolow S, Roche B, Ngonghala CN, Jocque M, Lund A, Barry M, Mordecai EA, Daily 

GC, Jones JH, Andrews JR, Bendavid E, Luby SP, LaBeaud A, Seetah K, Guégan J, Bonds M, De Leo G. 

Disease Ecology, Health and Environment: a framework to account for ecological and socio-
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economic drivers in the control of neglected tropical diseases. Philos Trans R Soc B Biol Sci. 

2017;372(1722).  

- Combe M, Velvin CJ, Morris A, Garchitorena A, Carolan K, Sanhueza D, Roche B, Couppié P, Guégan 

J-F, Gozlan RE. Global and local environmental changes as drivers of Buruli ulcer emergence. Emerg 

Microbes Infect. 2017;6(e22) 

2016-1 

- García-Peña GE, Garchitorena A, Carolan K, Canard E, Prieur-Richard A, Suzán G, Mills JN, Roche B, 

Guégan J. Niche-based host extinction increases prevalence of an environmentally acquired 

pathogen. Oikos. 2016;125(10).  

2015-6 

- Garchitorena A, Ngonghala CN, Guégan J-F, Texier G, Bellanger M, Bonds M, Roche B. Economic 

inequality caused by feedbacks between poverty and the dynamics of a rare tropical disease: The 

case of buruli ulcer in sub-Saharan Africa. Proc R Soc B Biol Sci. 2015;282(1818).  

- Garchitorena A, Ngonghala CN, Texier G, Landier J, Eyangoh S, Bonds MH, Guégan J-F, Roche8 B. 

Environmental transmission of Mycobacterium ulcerans drives dynamics of Buruli ulcer in endemic 

regions of Cameroon. Nat Sci Reports. 2015;5(November):18055. 

- Garchitorena A, Guégan J-F, Léger L, Eyangoh S, Marsollier L, Roche B. Mycobacterium ulcerans 

dynamics in aquatic ecosystems are driven by a complex interplay of abiotic and biotic factors. Elife. 

2015;4:e07616.  

- Rist CL, Garchitorena A, Ngonghala CN, Gillespie TR, Bonds MH. The Burden of Livestock Parasites 

on the Poor. Vol. 31, Trends in Parasitology. 2015. p. 527–30.  

- Rist CL, Ngonghala CN, Garchitorena A, Brook CE, Ramananjato R, Miller AC, Randrianarivelojosia 

M, Wright PC, Gillespie TR, Bonds MH. Modeling the burden of poultry disease on the rural poor in 

Madagascar. One Heal. 2015;1:60-65.  

- Landier J, Magny GC De, Garchitorena A, Guégan J, Gaudart J, Marsollier L, Gall PLPL, Giles-Vernick 

T, Eyangoh S, Fontanet A, Texier G, de Magny GC, Garchitorena A, Gu?gan J-F, Gaudart J, Marsollier 

L, Gall PLPL, Giles-Vernick T, Eyangoh S, Fontanet A, Texier G. Seasonal Patterns of Buruli Ulcer 

Incidence , Central Africa, 2002-2012. Emerg Infect Dis. 2015;21(8):10–3.  

2014-3 

- Garchitorena A, Roche B, Kamgang R, Ossomba J, Babonneau J, Landier J, Fontanet A, Flahault A, 

Eyangoh S, Guégan J-F, Marsollier L, Guégan J-F, Marsollier L. Mycobacterium ulcerans Ecological 

Dynamics and Its Association with Freshwater Ecosystems and Aquatic Communities: Results from 

a 12-Month Environmental Survey in Cameroon. PLoS Negl Trop Dis. 2014;8(5):e2879.  

- Carolan K, Garchitorena A, García-Peña GE, Morris A, Landier J, Fontanet A, Le Gall P, Texier G, 

Marsollier L, Gozlan RE, Eyangoh S, Lo Seen D, Guégan J-F. Topography and Land Cover of 

Watersheds Predicts the Distribution of the Environmental Pathogen Mycobacterium ulcerans in 

Aquatic Insects. PLoS Negl Trop Dis. 2014;8(11).  

- Carolan K, Ebong SMÀ, Garchitorena A, Landier J, Sanhueza D, Texier G, Marsollier L, Gall PL, 

Guégan J-F, Seen DL. Ecological niche modelling of Hemipteran insects in Cameroon; The paradox 

of a vector-borne transmission for Mycobacterium ulcerans, the causative agent of Buruli ulcer. Int 

J Health Geogr. 2014;13(1).  
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List of books and book chapters  

- Garchitorena A, Murray MB, Hedt-Gauthier B, Farmer PE, Bonds MH. Reducing the knowledge gap 

in global health delivery: contributions and limitations of randomized controlled trials. In: 

Randomized Control Trials in the Field of Development. Oxford: Oxford University Press; 2020. p. 

425.  

- Garchitorena A, Bonds MH, Guégan J, Roche B. Interactions between ecological and socio-

economic drivers of Buruli ulcer burden in Sub-Saharan Africa : opportunities for an improved 

control. In: Ecology and Evolution of Infectious Disease: pathogen control and public health 

management in low-income countries. 2018th ed. Oxford University Press; 2018. p. 217–35.  

- Bonds MH, Garchitorena A, Farmer PE, Murray MB. Ecology of poverty, disease and health care 

delivery: lessons for planetary health. In: Ecology and Evolution of Infectious Disease: pathogen 

control and public health management in low-income countries. Oxford University Press; 2018. p. 

285–96.  

- WHO French Healthy Cities Network. Pour un habitat favorable à la santé. Les contributions des 

villes. Presses de l’EHESP; 2011. (co-editor and co-author of several chapters) 

 

List of conference abstracts published in peer reviewed journals 

- Garchitorena A, Bonds MH, Ngonghala CN, Guégan J-F, Roche B. Modelling ecological and 

socioeconomic feedbacks of Buruli ulcer in sub-Saharan Africa: results from a field study in 

Cameroon. Lancet. 2017 May 1;389:S9.  

- De Leo GA, Sokolow SH, Garchitorena A, Ngonghala CN, Lund A, Barry M, Burke KS, Mordecai EA, 

Daily GC, Jones JH, Andrews JR, Bendavid E, Luby SP, LaBeaud AD, Seetah K, Guégan J-F, Lafferty K, 

Wood CL, Jones IJ, Bonds MH. A novel framework to account for ecological drivers in the control 

and elimination of environmentally transmitted disease: a modelling study. Lancet. 2017 May 

1;389:S5.  

 

List of preprints in public repositories 

- Razafinjato B, Rakotonirina L, Andriantahina JB, Cordier LF, Andriamihaja R, Rasoarivao A, 

Andrianomenjanahary M, Marovavy L, Hanitriniaina F, Mayfield A, Palazuelos D, Ihantamalala F, 

Rakotonanahary RJL, Miller A, Garchitorena A, McCarty MG, Bonds MH, Finnegan KE. Evaluation of 

a novel approach to community health care delivery in Ifanadiana District, Madagascar. medRxiv. 

2020.  

- Finnegan KE, Haruna J, Cordier LF, Razafinjato B, Rakotonirina L, Randrianambinina A, Rakotozafy 

E, Andriamihaja B, Garchitorena A, Bonds MH, Ouenzar MA. Rapid response to a measles outbreak 

in Ifanadiana District , Madagascar. medRxiv. 2020.  

- Garchitorena A, Gruson H, Cazelles B, Roche B. Quantifying the efficiency of non-pharmaceutical 

interventions against SARS-COV-2 transmission in Europe. medRxiv. 2020.  

- Bonds MH, Garchitorena A, Cordier L, Miller AC, McCarty M, Adriamihaja B, Ratsirarson J, 

Randrianambinina A, Rabeza VR, Finnegan K, Gillespie T, Wright PA, Farmer PE, Loyd T, Murra M, 

Herrnstein RM, Herrnstein JR, Gikic D, Ouenzar MA, Hall L, Rich ML. Advancing a Science of 

Sustaining Health: A New Platform for a Model District in Madagascar. bioRxiv. 2017.  
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Scientific conferences and seminars  

2022-1 

- Geographic Barriers to Achieving Universal Health Coverage: evidence from rural Madagascar. 

Webinaires QuanTIM. Online. 2022. Invited speaker 

2021-3 

- Estimation de la distribution spatio-temporelle locale du paludisme à partir des systèmes de 

surveillance passive dans les zones avec faible accès aux soins et rapportage. 3ème Conférence 

scientifique sur le Paludisme. Antananarivo, Madagascar. 2021. Oral presentation. 

- Evaluation de la faisabilité et de l'efficacité de l’extension de la prise en charge communautaire  

du paludisme pour tous les âges. USAID’s Madagascar Population, Health and Nutrition quarterly 

meeting. Antananarivo, Madagascar. 2021. Invited speaker 

- The ecology of health care delivery: insights for local disease control. Seminaires MIVEGEC. Online. 

2021. Invited speaker 

2020-6 

- COVID-19 modelling and health system strengthening in Madagascar. IORA & Water Research 

Commission of South Africa, Research and Innovation sharing workshop, COVID-19 research and 

innovation programmes and projects implemented by IORA MS and DP. Online. 2020. Invited 

speaker. 

- Challenges Humanity Face in the Anthropocene era through different lenses. Planetary Health 

Network of Health Professionals (PlaHNET). Planetary Health Webinar Series. Online. 2020. Invited 

speaker.   

- Malaria prevalence and care seeking behaviors prior to a pilot expanding malaria community case 

management to older ages in Farafangana, Madagascar, 2019. ASTMH Annual meeting. Online. 

2020. Co-author, poster presentation. 

- Improving geographical accessibility modeling for operational use by local health actors. 6th Global 

Symposium on Health Systems Research. Online. 2020. Co-author, poster presentation. 

- Modélisation de COVID-19 et renforcement de systèmes de santé à Madagascar. Journée des 

acteurs Français en santé, Ambassade de France Madagascar. Antananarivo, Madagascar. 2020. 

Oral presentation. 

- Surveillance et contrôle du paludisme au niveau local. Roll Back Malaria Madagascar working group. 

Antananarivo, Madagascar. 2020. Oral presentation. 

2019-6  

- Évaluation des tendances du contenu des soins maternels et infantiles suite à une initiative de 

renforcement du système de santé à Ifanadiana. 2ème Journée scientifique sur l’apport de la 

recherche au renforcement du système de santé à Madagascar. Antananarivo, Madagascar. 2019. 

Oral presentation. 

- Augmentation de l’utilisation des services de santé à Ifanadiana suite à la suppression des 

paiements de poche: leçons pour la Couverture Sanitaire Universelle. 2ème Journée scientifique 

sur l’apport de la recherche au renforcement du système de santé à Madagascar. Antananarivo, 

Madagascar. 2019. Oral presentation. 

- Changements précoces dans la couverture des soins et les taux de mortalité suite à une intervention 

de renforcement du système de santé à Ifanadiana. 2ème Journée scientifique sur l’apport de la 
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recherche au renforcement du système de santé à Madagascar. Antananarivo, Madagascar. 2019. 

Oral presentation. 

- Déterminants socio-économiques et environnementaux des maladies tropicales négligées. 2ème 

Congrès de recherche en Santé Publique de l’Océan Indien du CHU de La Réunion. La Réunion, 

France.  2019. Invited speaker.  

- Modélisation de l'accessibilité géographique aux soins  suite à un programme de renforcement du 

système de santé à Ifanadiana, Madagascar. 2ème Congrès de recherche en Santé Publique de 

l’Océan Indien du CHU de La Réunion. La Réunion, France. 2019. Co-author, poster presentation 

(best poster). 

- Round table: Methods, practices, narratives and ethics: different perspectives on randomized 

experiments in developing countries. AFD seminar “Randomized Control Trials in Development: the 

Gold Standard Revisited”. Paris, France. 2019. Invited speaker. 

2018-2   

- Building evidence from the ground up: service at the core of PIVOT research. A crucible for Planetary 

Health, Centre ValBio (Madagascar). Antananarivo, Madagascar. 2018. Oral presentation. 

- Round table : La santé pour toutes et tous : enjeux et défis pour Madagascar. 70 ans de l’IRD à 

Madagascar. Antananarivo, Madagascar. 2018. Invited speaker. 

2017-2  

- Modelling ecological and socioeconomic feedbacks of Buruli ulcer in sub-Saharan Africa: results 

from a field study in Cameroon. Planetary Health/GeoHealth Annual Meeting. Boston, USA. 2017. 

Poster presentation 

- A novel framework to account for ecological drivers in the control and elimination of 

environmentally transmitted disease: a modelling study. Planetary Health/GeoHealth Annual 

Meeting. Boston, USA. 2017. Poster presentation 

2016-1  

- Evaluation de l’impact de la réduction des barrières d’accès aux soins dans le district d’Ifanadiana, 

Madagascar. 1er Colloque francophone d'anthropologie de la santé à Madagascar. Antananarivo, 

Madagascar. 2016. Oral presentation 

2015-2  

- Environmental transmission of Mycobacterium ulcerans drives dynamics of Buruli ulcer in endemic 

regions of Cameroon. 13th EEID Conference. Athens, USA. 2015. Oral presentation  

- Infectious diseases, ecosystems and poverty: the case of Buruli ulcer in Cameroon. Ecology of 

poverty and economic development working group, Marseille, France. 2015. Oral presentation 

2014-2 

- The impact of abiotic parameters and host community structure on a multi-host pathogen: the case 

of Mycobacterium ulcerans in Cameroon. 99th ESA Annual Meeting. Sacramento, USA. 2014. Oral 

presentation  

- The impact of freshwater ecosystems and aquatic communities on Mycobacterium ulcerans 

ecological dynamics. 9th Louis Pasteur Conference, Emerging Infectious Diseases. Paris, France. 

2014. Oral presentation 

2013-1  
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- The ecology and transmission of Mycobacterium ulcerans in Cameroon. French Doctoral Network 

of Public Health. Paris, France. 2013. Oral presentation 

2011-1  

- Housing and Health: The experience of the WHO French Healthy Cities Network. Nantes Public 

Health Department. Nantes, France. 2011. Oral presentation 

 

Outreach activities 

 

Documentaries 

- La fabrique des pandémies. Préserver la biodiversité c’est protéger notre santé. M2R Films, starring 

Juliette Binoche. In production. 2022. https://m2rfilms.com/espace-membres/fabrique-des-

pandemies 

Blogs and institutional communications  

- Universal health coverage policies may fail to ensure the provision of primary care for all without a 

stronger commitment to community health. Health Policy and Planning Debated. 2021. 

https://blogs.lshtm.ac.uk/hppdebated/2021/08/23/ 

- La modélisation de l’accessibilité géographique est opérationnelle pour des acteurs locaux de la 

santé : exemple dans le district d’Ifanadiana. Communication IRD. 2021. 

https://en.ird.fr/node/8749 

- Mieux réagir face aux épidémies. Dossier : Les maladies infectieuses dans le viseur des scientifiques 

de la région. Communication IRD. 2020. https://www.ird.fr/dossier-les-maladies-infectieuses-dans-

le-viseur-des-scientifiques-de-la-region 

- Voices from the field #2: Our Data & Research on the Spread of COVID-19. NGO Pivot. 2020. 

https://www.youtube.com/watch?v=L848qhy-rzU 

Media interviews 

- Article interview. Flesh-eating ulcer spreading in Australia, and reasons remain a mystery. CNN 

(April 16, 2018). https://edition.cnn.com/2018/04/16/health/australia-flesh-eating-ulcer-

intl/index.html 
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3. Teaching activities and student supervision 
 

Teaching activities 

2019 – 2022 Visiting lecturer – Introduction to Planetary Health. M1, Master in Public Health. 

French School of Public Health (EHESP). Paris, France. Workload: 14h of teaching 

per year 

2021 Instructor – Correlation and Linear Regression in Epidemiology. Course on basic 

statistical methods. Institut Pasteur Madagascar (IPM). Antananarivo, Madagascar. 

Workload: 2h of teaching. 

2016 – 2020 Visiting lecturer – Statistical Modelling. Workshop “E2M2: Ecological and 

Epidemiological Modelling in Madagascar”. Centre ValBio. Ranomafana, 

Madagascar. Workload: 10h of teaching and 10 of student mentorship per year.  

2019 Instructor – Course « Introduction aux statistiques avec le logiciel R ». ONG PIVOT. 

Ranomafana, Madagascar. Workload: 10h of teaching and organization. 

2018 Instructor – Cartoparty of Ifanadiana District. Université de Fianarantsoa, Ecole 

Management et Innovation Technologique (EMIT). Fianarantsoa, Madagascar. 

Workload: 2h of teaching and 6h of student mentorship. 

2017 Visiting lecturer – Module “Global Environmental Changes and Planetary Health”. 

M2, Master in Public Health. French School of Public Health (EHESP). Paris, France. 

Workload: 12 hours of teaching + module co-coordination with Helene Broutin 

(UMR MIVEGEC).  

 

Student supervision 

PhD students (2) 

- Jean Marius RAKOTONDRAMANGA. Start date: September 2018 (ongoing). ED393, Sorbonne 

Université. Co-supervision with Benjamin Roche (UMR MIVEGEC). 

- Elinambinina RAJOANARIFARA : Start date: September 2019 (ongoing). ED393, Sorbonne 

Université. Co-supervised with Benjamin Roche. 

Master 2 students (7) 

- Augustin RAKINGAMIAINA. Duration: March to July 2022 (ongoing). « Tendances spatio-

temporelles de l’utilisation des soins de santé primaire dans le district de Farafangana, 

Madagascar ».Master en Systèmes d'Information, Géomatique et Décision. EMIT, Université de 

Fianarantsoa. Internship at IPM. Antananarivo, Madagascar. 

- Judickaelle IRINANTENAINA. Duration: March to July 2022 (ongoing). « Déterminants du paludisme 

dans le district de Farafangana (Madagascar), 2019-2021 ». Master Sciences, Technologies, Santé, 

Mention Santé Publique. Université de Bordeaux – ISPED. Internship at IPM. Antananarivo, 

Madagascar. 

- Alexandra CAGNIANT-ROUSSEAU. Duration: April to August 2021. « Déterminants d’accès aux soins 

primaires à Madagascar en 2019: cas du district de Farafangana ». Master Sciences, Technologies, 
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Santé, Mention Santé Publique. Université de Bordeaux – ISPED. Internship at IPM. Online 

mentorship. 

- Tanjona Tahina ANDREAMBELOSON. Duration: February to July 2019. « L’apport de la géomatique 

pour comprendre les barrières d’accès aux soins de santé dans le district d’Ifanadiana ». Master en 

Systèmes d'Information, Géomatique et Décision. EMIT, Université de Fianarantsoa. Internship at 

Pivot. Ranomafana, Madagascar. 

- Miadana Joëlle RAKOTOZAFINIRAINY. Duration: February to July 2019. « Modélisation de la 

dynamique spatio-temporelle du paludisme dans le District d’Ifanadiana ». Master en Systèmes 

d'Information, Géomatique et Décision. EMIT, Université de Fianarantsoa. Internship at Pivot. 

Ranomafana, Madagascar. 

- Mauricianot RANDRIAMIHAJA. Duration: February to July 2019. « Estimation du temps de parcours 

aux soins de santé dans le District d’Ifanadiana ». Master en Systèmes d'Information, Géomatique 

et Décision. EMIT, Université de Fianarantsoa. Internship at Pivot. Ranomafana, Madagascar. 

- Camille EZRAN. Duration: July to December 2017. “The impact of a health system strengthening 

initiative on the quality of healthcare in a rural district of Madagascar”. Masters Degree in Health 

Policy. Department of Health Research and Policy, Stanford University School of Medicine. 

Internship at Pivot. Online mentorship. 

Other international students (4) 

- Elizabeth HYDE. Medical student (2018/2019). "Using healthcare access models to estimate the 

burden of malaria missed by routine surveillance in a rural area of Madagascar". Medical Scholars 

Program, Stanford University School of Medicine. Internship at Pivot. Ranomafana, Madagascar. 

- Isabel JONES. PhD internship (2019). “Drivers of local malaria transmission in Ifanadiana District, 

Madagascar”. Stanford University. Internship at Pivot. Ranomafana, Madagascar. 

- Michelle EVANS. PhD internship (2019). “Drivers of zoonotic transmission of enteric pathogens and 

diarrheal disease risk in populations living at the edge of Ranomafana National Park”. University of 

Georgia Athens. Internship at Pivot. Ranomafana, Madagascar. 

- Sarah McCUSKEE. Medical student (2017). “Epidemiology and treatment of child malnutrition in 

Ifanadiana district, Madagascar”. Medical Scholars Program, Stanford University School of 

Medicine. Internship at Pivot. Online mentorship. 

Postdoctoral researchers (3) 

- Michelle EVANS. Duration: March 2021 to March 2023 (ongoing). “Statistical and mathematical 

modelling of local malaria transmission in Ifanadiana District to optimize control”. Co-supervision 

with Benjamin Roche. Funding: ANR. 

- Tanjona RAMIADANTSOA. Duration: November 2020 to November 2021. “Mathematical modelling 

of covid-19 transmission”. Co-supervision with Benjamin Roche. Funding: AFD. 

- Felana A. IHANTAMALALA. Duration: January 2018 to January 2024 (ongoing). “Geography of health 

care access in Ifanadiana District, Madagascar”. Funding: Pivot 

 

  



HDR Garchitorena   Integrated approaches in global health  

16 
 

4. Research contracts and management 
 

Current projects  

2022-2025 “PREventing ZOonotic Diseases Emergence (PREZODE) – AfriCam Project – Madagascar 

Pilot” 

Role: co-PI (PI: Veronique Chevalier, CIRAD). Budget: 1,800,000 €. Funder: AFD, France 

(AfriCam Project budget is 10M€ for 5 countries; PIs Benjamin Roche & Marisa Peyre). 

2022-2024 “LSM: Assessing the effectiveness of bacterial larvicides on malaria prevalence and 

incidence in two districts of Madagascar“ 

Role: coinvestigator (PI Rila Ratovson, IPM). Budget: 340,000 €. Funder: USAID-PMI 

2021-2023 “MRP: Malaria remote populations. Scaling tools for fine-scale geographic accessibility 

modelling in South Eastern Madagascar” 

Role: PI. Budget: 64,000 €. Funder: USAID-PMI 

2019-2023 “SMALLER: Surveillance and control of malaria at the local level using e-health 

platforms” 

Role: PI.  Budget: 229,000 €. Funder: ANR, France 

2019-2023  « CCM-malaria: Assessing the feasibility and effectiveness of community case 

management of malaria for all ages in Madagascar » 

Role: co-PI (co-PI Laura Steinhardt, CDC). Budget: 850,000 €. Funder: USAID-PMI 

2014-2023  « I-HOPE: Ifanadiana Health Outcomes and Prosperity evaluation » 

Role: co-PI (co-PI Ann Miller, Harvard). Budget: 450,000 €. Funder: Herrnstein family 

foundation & NGO Pivot 

2021-2022  “SAY IHOPE: Serological Analysis of clinically relevant diseases in the IHOPE cohort” 

Role: co-PI (co-PI Matthieu Schoenhals, IPM). Budget: 100,000 €. Funder: NGO Pivot 

2021-2022 “PHDI: Population impact, Health geography and Disease eco-epidemiology in 

Ifanadiana” 

Role: PI. Budget: 20,000 €. Funder: NGO Pivot 

 

Previous projects  

2018  “MAGIE: Mobile technologies for geographical access to healthcare” 

Role: PI. Budget: 15,000 €. Funder: IRD-Coup de Pouce 

2018  “BEHAVIOR: Modelling of behaviour in pathogen transmission”  

Role: co-PI (PI Benjamin Roche, IRD). Budget: 10,000 €. Funder: CNRS-PEPS 
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Research management 

Associate scientific director at the NGO Pivot (2019-present) 

Since July 2019, I am Associate Scientific Director for the NGO Pivot. Pivot works in partnership with 

the Madagascar Ministry of Public Health in Ifanadiana district to strengthen the public health system 

and gradually achieve universal health coverage in the district. This NGO places particular emphasis on 

monitoring, evaluation and research to evaluate the evolution and impact of its interventions and 

achieve its goal of creating a model health district for the country. In my capacity as associate scientific 

director, I am responsible for a team of about 10 people based in Ifanadiana including doctoral 

students, post-docs, engineers, and data collection agents, who participate in the SMALLER, IHOPE, 

and PHDI projects, among others. I have also supported the establishment in 2020 of a new division 

within Pivot called Pivot Science, which formally acknowledges the importance of research as an 

accompaniment and driver of health systems strengthening implementation. The creation of Pivot 

Science allows us to create organisational systems (HR, admin, finance, etc.) that are better adapted 

for the conduct of research, as opposed to those necessary for programmatic implementation of 

healthcare activities. I also play a strategic role within the organization, helping set research priorities, 

supporting fundraising, informing programs on their impact over time, coordinating activities with 

other partners (IPM, INSTAT, etc.) and discussing research with the Ministry of Public Health. 

Interim Director of IRD Madagascar (2021-present) 

Since July 2021, I am the Interim Director (“Representant”) of IRD in Madagascar. In the first six 

months, this was purely an administrative interim while the Director was on a mission or holidays (e.g. 

approving missions, expenses, etc.). Since January 2022 though, the position of Director has been 

vacant, so I have a much larger set of responsibilities. First, I am responsible for the headquarters of 

IRD in Madagascar, including a local team of about 10 people based at the “Representation” comprised 

of administrative, finance and communication assistants, domestic workers and drivers. Second, I am 

IRD’s point person at the French Embassy in Madagascar, so I participate at monthly meetings with all 

French actors and I coordinate with the Embassy’s cooperation service (SCAC) the organization and 

valorisation of multiple activities involving IRD and its partners. Third, I am the guarantor of the security 

of IRD and MNHN agents on mission in Madagascar (plus Maurice, Seychelles and Comoros), and as 

such I evaluate, validate and give recommendations for every mission taking place. Finally, I ensure the 

institutional and scientific representation of the IRD with the institutions and partners of Madagascar 

as well as with the French, European and international actors. 

Research manager at the NGO Pivot (2015-2017) 

From March 2015 to July 2017, I had the role of Research Manager for the NGO Pivot. My role as the 

NGO’s first research manager (Pivot was founded one year prior) was double. First, I helped develop 

and implement the NGO’s research program on the ground, coordinating all research projects while 

being the interlocutor with the Ministry of Public Health and other organizations for the dissemination 

of results. This included many management activities such as annual planning and budgeting, 

fundraising, and the follow-up of multiple research projects, both internal and external. In addition, in 

the early years of Pivot’s creation, the NGO had little research capacity so we created a research 

committee that gave competitive grants ranging from 5,000 to 50,000 USD for international teams 

wishing to develop research projects that are consistent with Pivot’s mission in Ifanadiana. Thus, I was 

the focal point of Pivot’s research committee on the ground and I evaluated all the research proposals 
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submitted to the NGO, giving the necessary support in the field for the conduct of the accepted 

projects. I also participated in the local strengthening of research capacities, conducting training 

workshops in Ifanadiana (use of the R software for statistics, modelling of infectious diseases, etc.). 

Upon being hired by IRD in July 2017, I helped recruit my replacement as a research manager and I 

became Pivot’s scientific advisor, doing many of the same activities, but progressively delegating most 

of the management tasks to the new manager in order to ensure a smooth transition on the ground.  

Other activities 

PREZODE – Focal Point for IRD in the Indian Ocean (2021-present) 

PREventing ZOonotic Diseases Emergence (PREZODE) is an international initiative addressing 

challenges related to the prevention, surveillance, early detection and rapid response to risks of 

zoonotic pandemics. PREZODE was set up by three French research institutes–INRAE, CIRAD and IRD–

in cooperation with several public and private research organisations from over 50 countries and 

international organisations including WHO, OIE, FAO and UNEP. Since the spring of 2021, I have been 

appointed PREZODE’s focal point for IRD in the Indian Ocean. In this capacity, I have helped with the 

organization and facilitation of three online co-construction workshops gathering over 150 participants 

in the region. These workshops, which are aimed at building a strategic scientific agenda that is 

relevant at the global level but is also tailored to the needs of each region, have gathered globally over 

1000 participants from 130 countries. In addition, I have been working with PREZODE’s CIRAD focal 

point to co-construct with a more limited set of partners (~10 institutions) one of the first pilot projects 

of the PREZODE initiative funded by AFD in five priority countries. In collaboration with the SEGA-OI 

network – a regional health surveillance network led by the Commission for the Indian Ocean– the aim 

of the Madagascar pilot will be to develop and strengthen surveillance capacities for priority zoonotic 

diseases. Finally, since Madagascar is one of the recipients of PREZODE, I have been working with 

PREZODE’s CIRAD focal point and the French Embassy in Madagascar to obtain official institutional 

support for the initiative at the country level via meetings with relevant Ministries.  
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5. Contributions to science 

Preface  

More than one billion people, most of them in tropical and subtropical countries, still live in 

extreme poverty and suffer a disproportionate burden of communicable diseases [1, 2]. Reinforcing 

mechanisms between human health and economic development have contributed to an overall joint 

trend of wealth and health in recent history, but they are also partly responsible of the great 

inequalities present in the world today. An important link in this relationship is the role of the 

environment in shaping historical and current spatial patterns of both poverty and disease [3–5]. 

Tropical regions have appropriate climatic and biological conditions for pathogens to develop and 

persist [6, 7], carrying as a result an overwhelming burden of infectious and parasitic diseases that 

undermine the productivity of its local populations among other economic impacts [8, 9]. In the current 

context of global environmental degradation, climate and land-use change, a disproportionate burden 

of adverse health effects is expected to be borne by tropical regions and vulnerable populations [10], 

which will exacerbate existing inequalities [11]. Recognition of these multiple interlinkages (Figure 1) 

has fostered a comprehensive multilateral commitment for human development, wellbeing and 

environmental preservation embodied in the Sustainable Development Goals (SDGs) [12]. As the SDGs 

guide policy and development assistance on all these fronts in the period 2015-2030, there is a need 

for frameworks of study and action that are integrative, multidisciplinary and systems-based, in order 

to tackle some of the most pressing issues in sustainable development today. 

Figure 1. Coupled natural and human systems: feedbacks between ecosystems, infectious diseases and 

economic development. Many human pathogens in tropical regions, including those that cause NTDs, spend 

part of their lifecycle outside the human host, where environmental conditions drive their ecology and 

transmission (upper panel). Ecosystem and disease dynamics influence key forms of capital necessary for 

economic development of at-risk human communities (lower panel). Simultaneously, economic activities and 

resources affect those same dynamics by altering vulnerability to disease and introducing land-use changes [13]. 
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My multidisciplinary background prior to becoming a researcher at the French Institute for 

Sustainable Development (IRD) has helped me better understand how these interactions between 

poverty, environmental degradation and human diseases take place in real-world settings and how 

solutions can be implemented to address them based on this knowledge. After finishing 5 years of 

training as a veterinary doctor at the University "Complutense de Madrid", I carried out a European 

Master in Public Health (2009-2011) during which gained experience through internships with the 

Guatemalan Ministry of Public Health on vector-borne disease control, and with the WHO French 

Cities-Health Network on social determinants of health and urban health. These biomedical skills, 

combined with knowledge in environmental health and social determinants of health, allowed me to 

develop a multidisciplinary PhD project funded by the French Doctoral Network in Public Health. My 

PhD, carried out in 2011-2014 under the supervision of disease ecologists Jean François Guégan and 

Benjamin Roche (IRD), aimed to assess the interactions between poverty, environmental factors and 

Buruli ulcer disease, combining extensive ecological fieldwork in Cameroon with statistical and 

mathematical modelling analyses. From 2015 to 2017, I held a post-doctoral fellowship in global health 

and social medicine at Harvard Medical School supervised by economist Matthew Bonds and 

epidemiologist Megan Murray. During the same period, I became Research Manager for the healthcare 

NGO Pivot, founded by Matthew Bonds in 2014 and based in Madagascar, where I spent most of my 

time. During this period I focused my research on better understanding health inequalities and 

conducting impact evaluations of health interventions in the context of Pivot’s health systems 

strengthening program in Ifanadiana District, Madagascar.  

This disparate set of experiences and research interests has strongly shaped my scientific 

agenda, approaches and contributions (Figure 2). First, methods in disease ecology and economics that 

I learned during my PhD and postdoc allowed me to develop research approaches to understand, from 

both a theoretical and empirical perspective, how simultaneously considering environmental dynamics 

of pathogens, economic dynamics, and human health, can help inform disease control activities 

(Section 1. Integrated research approaches to improve the control of tropical diseases of poverty). 

Second, my experience in Ifanadiana made me realize that, while there has been incredible progress 

in the modelling of infectious diseases in the academic literature, these methods are rarely used in a 

way that informs the implementation of control activities at the local level. I am trying to fill this gap 

by adapting data collection methods and analyses for a number of relevant diseases in the area so that 

research outputs can be used by local health actors (Section 2. Surveillance and modelling of tropical 

diseases at the local level). Third, even though understanding the ecological and socio-economic 

determinants of health can lead to better strategies for disease prevention and control, this should not 

prevent us from investing in the health systems that treat people against these diseases. Through my 

work with the NGO Pivot, I became aware of the potential that horizontal approaches to health care 

delivery such as health systems strengthening interventions and universal health coverage policies 

have for sustainably improving population health. My research on this front has focused on building 

robust data collection and evaluation methods (observational, quasi-experimental) to measure the 

impact of such approaches and inform their implementation (3. Evaluation of interventions to achieve 

universal health coverage). Finally, as my implementation research work has consistently revealed the 

persistence of geographic inequalities in Ifanadiana over time, health geography approaches have 

emerged as a necessary expansion of my research agenda, where I attempt to precisely characterize 

geographic inequalities in both potential and realized access to health care at different levels of care 

(4. The geography of health care access under HSS support). In the next few pages I summarize some 

of my main contributions over the past ten years to these four important global health research topics.  
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Figure 2. Main contributions of my research to the field of global health. Schematics show my four main areas 

of research, two of which aim to inform the implementation of vertical interventions (disease-focused) while the 

other two aim to inform the implementation of horizontal interventions (systems-based).  

 

Integrated research approaches to improve the control of tropical 

diseases of poverty 

My early research interest concerned the interactions between poverty, environmental risk factors 

and the emergence or persistence of infectious diseases, inspired by previous work on disease-driven 

poverty traps [5, 14, 15]. In this sense, Neglected Tropical Diseases (NTDs), a group of chronic, 

disfiguring and disabling conditions, represent a perfect study case of strong ecological and economic 

feedbacks with human disease. This umbrella term refers to 17 parasitic, viral, and bacterial infections 

highly embedded in particular tropical ecosystems and transmitted through environmental pathways 

[16, 17]. Land use change - by altering human behaviour, ecological interactions, habitat quality and 

biodiversity – can strongly affect the dynamics of these diseases and have an overwhelming impact on 

poor vulnerable populations. Most of the global burden of NTDs accumulates in sub-Saharan Africa 

where they are the most common infections of the poorest 500 million, thriving under conditions of 

poverty, poor sanitation and malnutrition [18, 19]. They constitute a major barrier for the economic 

development of the populations affected, impairing child growth, education and limiting adult 

productivity [17]. In addition, because they are highly debilitating conditions, co-infections are 

common and overlap geographically with HIV, tuberculosis and malaria [20].  

Cheap available treatments exist for a large number of these conditions [21], and indeed biomedical 

interventions via mass administration of preventive chemotherapy are the cornerstone of the fight 

against many NTDs. However, the environmental persistence of many of these diseases in combination 

with a strong link with poverty means that a successful, sustainable decrease in the burden of many 

NTDs requires a broader understanding of interactions taking place in coupled human-environmental 

systems. My work in this area started during my PhD, where I studied these interactions in the context 

of a single disease, Buruli ulcer, to better understand the ecological factors leading to higher infection 

risk, its mode of transmission to humans, and its economic impacts in endemic areas. Then, I expanded 

the scope of my research during my postdoc to encompass other disease systems with the 

development of integrated modelling frameworks for the control of NTDs across a gradient of 

transmission modes, and for the study of how livestock diseases impact the rural poor. 
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The ecology, transmission and economic consequences of Buruli ulcer 

Buruli ulcer, a devastating skin disease caused by the environmental pathogen Mycobacterium 

ulcerans, is probably the least studied of all Neglected Tropical Diseases. Discovered in the 1960s, it 

has rapidly emerged in tropical and subtropical countries across the globe and currently infects 5000 

new people every year, most of them in rural areas of Central and Western Africa [22]. Although initial 

stages of the disease can be treated with an 8-week antibiotic regime (i.e. nodules, plaques, small 

ulcers), poor access to treatment in these regions frequently leads to catastrophic disease progression. 

Thus, one in four cases end up with functional limitations for life as a consequence of complicated 

stages (i.e. extensive ulcers, osteomyelitis) that require invasive surgical procedures and lengthy 

hospital stays. These pathological problems are closely tied with great socio-economic consequences 

[23, 24]. Early detection and treatment of cases, the main WHO strategy for Buruli ulcer control, can 

avert much of the unnecessary suffering borne by those affected [16]. Yet, our poor understanding of 

the environmental mechanisms that drive human infections greatly undermines our capacity to detect 

cases in a timely manner. Emergence and geographical distribution of Buruli ulcer have been 

consistently associated with aquatic ecosystems. Prevalence of the disease is concentrated along the 

basin of slow flowing rivers, with areas of low elevation and located in drainage basins generally at 

higher risk [25]. Land use changes due to agricultural practices, deforestation, or to the construction 

of dams and roads have contributed to create Buruli ulcer endemic areas [25]. However, the ecology 

of M. ulcerans and transmission of Buruli ulcer to human populations is still poorly understood, and it 

is unclear whether a direct entry into the skin [26] or a vector transmission through the bites of water 

bugs [27, 28] are contributing to the disease burden.  

My PhD sought to provide insights into the ecological mechanisms allowing for M. ulcerans to 

grow, persist and be transmitted from the environment to humans, using a multidisciplinary field-

based approach in Cameroon (Figure 3). For this, I characterized the ecological dynamics of M. ulcerans 

with unprecedented detail in 32 aquatic communities of two Buruli ulcer endemic regions during one 

year, with monthly sampling in a large variety of streams, rivers, swamps, and flooded areas. In each 

site, I measured the physicochemical characteristics of the water, collected all aquatic macro-

invertebrates and vertebrates (over 230,000 individuals) using standardized methods, identified them 

taxonomically in the laboratory, and selected over 3,000 pools for qPCR analysis to detect M. ulcerans 

DNA across taxonomic groups, seasons and environments. This resulted in the creation of the largest 

database for the study of M. ulcerans ecology to date [29]. A simple exploratory analysis of this 

database revealed that M. ulcerans was present in nearly all aquatic organisms tested, with 

colonization dynamics that fluctuated along the year, with important differences between taxonomic 

groups and sites [29]. Statistical analyses of biotic and abiotic factors associated with M. ulcerans 

prevalence suggested that the bacteria thrived in periods of intensive rainfall, and optimal physico-

chemical conditions in lentic ecosystems (i.e. low water flow, low oxygen, mildly acidic pH, high 

temperature), favouring the environmental persistence of the pathogen and colonization of aquatic 

hosts [30]. However, under unfavorable water conditions, M. ulcerans seemed to persist in the 

environment thanks to a trophic transmission between aquatic hosts [30].  

Collaborations with other disease ecologists allowed us to further exploit this database to gain 

deeper insights into the ecological processes at play that determined M. ulcerans environmental 

persistence. For instance, a thorough analysis of the impact of community-level factors on M. ulcerans 

prevalence by postdoctoral researcher Gabriel Garcia Pena revealed that niche-based extinction of 

species increased the prevalence of the pathogen in aquatic communities, providing support to the 
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dilution effect in our particular context [31]. Furthermore, remote sensing and spatial analyses by PhD 

student Kevin Carolan explored how factors at larger spatial scales beyond the individual site’s 

characteristics could influence M. ulcerans presence. We found that the land cover and topography of 

the watershed was associated with the occurrence of M. ulcerans, which could allow for predictions 

of M. ulcerans presence over larger geographical regions [32]. We used a similar approach to 

understand the environmental niche of water bugs, finding that the predicted niche of water bugs and 

the spatial distribution of Buruli ulcer were significantly correlated [33]. 

Figure 3. Understanding feedbacks between environment, Buruli ulcer and economic development. (A) 

Prevalence of the bacteria in aquatic sites were favoured by specific conditions in stagnant and slow-flowing 

(lentic) ecosystems [30]. (B) Spatial and temporal patterns of Buruli ulcer (y-axis) were influenced by the 

environmental prevalence of M. ulcerans (x-axis) [34]. (C) Increases in wealth inequalities (y-axis) as a function 

of BU incidence (x-axis) and M. ulcerans environmental load (colour gradient) [35]. 

Time series analyses of Buruli ulcer incidence by PhD student Jordi Landier confirmed that Buruli 

ulcer incidence varied seasonally in these areas similarly to M. ulcerans environmental prevalence, and 

suggested that variations in the water level and rainfall can be behind these fluctuations [36]. Thus, 

we associated via mathematical modelling these environmental dynamics of M. ulcerans with the 

spatial and temporal patterns of Buruli ulcer incidence in human populations in the two endemic 

regions to better understand their relationship and gain insights into M. ulcerans mode of transmission 

to humans. This provided the first field-based evidence that an environmental transmission to humans 

is likely to play a greater role than a vector transmission in endemic areas, and suggested that M. 

ulcerans environmental load could predict in advance the temporal and spatial patterns of Buruli ulcer 

incidence [34].  

In order to understand the impact of high-risk ecosystems on the emergence of Buruli ulcer 

clusters and consequently on the economic development of the populations affected, we developed a 

coupled economic-epidemiological model that incorporated a gradient in environmental risk [35]. We 

used an individual-based approach to capture disparities in vulnerability to Buruli ulcer and in access 

to treatment as functions of economic resources in a disease model. Simultaneously, we accounted 

for reductions in physical capital in an economic growth model as a result of disease or permanent 

handicap. We showed that, for tropical diseases that are rare but highly disabling like Buruli ulcer, a 

combination of environmental and socio-economic feedbacks can drive important inequalities at the 

population level, with disproportionate impacts on the poorest socio-economic groups [35]. 
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Integrated modelling frameworks for NTDs and livestock diseases 

During my postdoctoral fellowship, I sought to continue exploring the kind of integrated modelling 

frameworks I had started with Buruli ulcer, but with broader applications for the control of other 

tropical diseases of poverty. Through a collaboration with my postdoc supervisor Matthew Bonds, 

Giulio de Leo (Stanford University) and other infectious disease modellers, we adapted models of 

disease-driven poverty traps to better understand how diseases across a different spectrum of 

environmental persistence could affect the success of common biomedical control strategies, and how 

this could impact economic dynamics at the population level [13]. We built on traditional systems in 

disease ecology and epidemiology [37–39], and developed a general infectious disease model that 

accounts for direct and environmental pathways of disease transmission. The model is meant to 

represent the dynamics of NTDs and other tropical diseases of poverty across a wide spectrum of 

transmission strategies (Figure 4), spanning from human-to-human contagious diseases (e.g. leprosy, 

trachoma) to parasitic worms (e.g. schistosomiasis), waterborne bacteria (e.g. Buruli ulcer), foodborne 

pathogens (e.g. echinococcosis), vector-borne diseases (e.g. dengue, malaria), or zoonotic and multi-

host pathogens (e.g. rabies, nipah virus).  

We showed that for direct and environmentally transmitted diseases with comparable basic 

reproduction numbers, control can be more effectively achieved for directly-transmitted diseases 

through periodic medical treatment. All else being equal, the same drug-focused strategies can have a 

reduced efficacy for diseases where the environmental reservoir plays an important role. In the latter 

case, more effective control can be achieved when classic treatment strategies are complemented 

with interventions that act on the environmental reservoir of the pathogen or reduce exposure. We 

then integrated this model with economic growth models to understand the potential role of 

environmental drivers on disease-driven poverty traps, given that economic and environmental 

conditions are co-determinants of NTDs, and NTDs have well-documented negative effects on 

economic productivity [1, 5, 40–42]. In the case of environmentally-transmitted diseases, such as most 

NTDs, disease-economic dynamics are highly influenced by the dynamics of the pathogen in the 

environment. As a result, the same strategies that could help break a disease-driven poverty trap for 

directly transmitted diseases, might not be sufficient for environmentally-transmitted diseases [13]. 

Figure 4. Conceptual framework to account for multiple pathways of disease transmission in coupled 

economic–epidemiological systems. (A) Classification of relevant infectious and parasitic diseases in developing 

countries according to two key model parameters that regulate environmental transmission. (B) Graphical 

representation of the three main groups of diseases according to key model parameters: directly transmitted 
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(top), environmentally transmitted, with focal transmission dependent on human prevalence (middle) and 

environmentally transmitted, driven purely by exogenous environmental factors (bottom) [13]. 

In addition to this work, a collaboration with veterinary researchers Cassidy Rist and Tom Gillespie 

(Emory University) allowed our group to adapt a similar integrated framework to study how livestock 

diseases can impact the health and wealth of poor rural households, both from a theoretical and 

empirical perspective. Indeed, livestock represent a fundamental economic and nutritional resource 

for many households in the developing world and a high burden of infectious diseases can limit their 

production potential. We developed an ecological framework for estimating the burden of poultry 

disease based on coupled models of infectious disease and economics [43]. The framework considers 

humans and livestock as co-contributors to household wellbeing, incorporating feedbacks between 

poultry production and human capital in disease burden estimates. We then parameterized this 

coupled ecological–economic model with household-level data to provide an estimate of the overall 

burden of poultry disease for the rural district of Ifanadiana in Madagascar, where over 72% of 

households rely on poultry for economic and food security [44]. Our models suggested that households 

may lose up to a quarter of their monthly income under existing local disease conditions, making the 

case for stronger support to veterinary programs that target common livestock diseases [44]. 

Surveillance and modelling of tropical diseases at the local level 

Despite great progress in the fight against many tropical infectious diseases over the past few 

decades, these continue to represent a substantial morbidity and mortality burden for poor 

populations in developing countries [45]. Attempts to decrease infectious disease burdens in the 

developing world will necessarily be built around the increasing amount of data available, in 

combination with robust methods for estimating spatio-temporal incidence and intervention coverage 

rates, which can greatly inform policy and implementation. The availability of free remotely-sensed 

information (e.g. MODIS, SRTM, CHIRPS, Sentinel) has popularized the use of satellite remote sensing 

methods in health research [46]. As a result, environmental and anthropogenic factors that play a role 

in infectious disease transmission can be assessed through proxies to explain observed dynamics or 

predict future trends via precision health mapping [46, 47]. Studies typically use satellite imagery at 

different levels of resolution (spatial and temporal) to characterize seasonal changes in climatic factors 

such as rainfall, temperature, vegetation indices (e.g. EVI, NDVI) as well as spatial anthropogenic 

gradients in land cover [48–50]. One massive effort underway is the Malaria Atlas Project, which 

combines data from malaria national programs (passive surveillance) with national surveys (e.g. 

Malaria Indicator Surveys, Demographic and Health Surveys, and Multiple Indicator Cluster Surveys) 

and satellite imagery for sub-Saharan Africa. Among other applications, this approach has allowed 

generating accurate spatial estimates of malaria mortality rates for the whole region [51], developing 

decision support tools for strategic planning by malaria control programmes [52], and obtaining robust 

estimations of malaria treatment coverage through multi-country studies [53]. Results from these and 

similar studies on multiple other disease systems are allowing multilateral organizations, donors and 

national governments to prioritize efforts and investments based on solid information. 

However, there is a substantial gap between our collective analytic capabilities and the use of 

those capabilities to solve problems where they matter the most – in areas of extreme poverty with 

high burdens of disease. For precision health mapping and similar approaches to lead to actionable 

interventions, the global relationships between disease and its socio-ecological risk factors must 

remain at the fine spatial resolutions relevant to public health actors that implement control activities. 
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A key unit of implementation in most developing countries, both for Ministries of Health and the NGOs 

supporting them, is the health district. Providing district health officers and their partners with 

estimates of disease incidence or risk at the scale of the villages within their districts could allow them 

to tailor disease control activities to the spatio-temporal distribution of local disease burdens. My work 

since 2015 with the healthcare NGO Pivot in Ifanadiana District (Madagascar), initially as its Research 

Manager and now as its Associate Scientific Director, has driven me to attempt adapting these 

methods, which are common in disease ecology research, but in a way that can be useful to health 

actors working at local scales. My research on this topic includes i) assessing whether associations seen 

in precision health mapping at national or multi-country scales hold true at finer resolutions, with a 

first study on diarrheal illness, ii) improving the precision and spatial resolution of routine disease 

surveillance data, with a focus on malaria, and iii) evaluating the impact of elimination programs using 

complementary information to standard evaluation methods, through the case of lymphatic filariasis.  

Precision health mapping of diarrheal disease  

Many diseases can be the object of precision health mapping exercises at the local level. We 

chose to begin our efforts in Ifanadiana with diarrheal disease because the determinants of 

environmental suitability for diarrheal pathogens, such as climate [54, 55] and land cover [56], are well 

known. Moreover, hydrological networks and WASH (water, sanitation, and hygiene) infrastructure 

can influence transmission dynamics and individual risk [56, 57]. It can also be a good target of 

environmental interventions to decrease disease burdens, since upstream land cover has been 

recently shown in multi-country studies to predict diarrheal disease prevalence in rural areas of the 

tropics [56], with cumulative effects for populations that are downstream of sources of water 

contamination (e.g. livestock or agricultural run-off) [58]. The conditions in Ifanadiana were ideal to 

test these relationships: the district comprises a protected tropical rainforest, large areas of 

agricultural land, a steep east–west elevation gradient, and high exposure to diarrheal pathogens due 

to widespread poverty and poor WASH infrastructure. 

Working with Michelle Evans, PhD candidate at the University of Georgia Athens (John Drake’s 

lab) during a PhD internship that I supervised at Pivot in Ifanadiana, we interrogated whether these 

large-scale associations held true in our district to help inform program implementation. For this, we 

used multiple spatio-temporal datasets of childhood diarrheal disease in Ifanadiana district collected 

at the village and commune level over 5 years, which included a district-representative longitudinal 

cohort (with surveys equivalent to those used in multi-country studies) and monthly reports on 

diarrheal incidence from all its health centers (Figure 5). We used statistical models to identify 

consistent socio-ecological risk factors of diarrheal disease, finding that environmental factors, which 

most precision mapping studies heavily rely on due to the wide availability of remotely sensed data, 

helped explain temporal but not spatial patterns of disease [59]. In our study area, only socio-economic 

variables, which have weak spatial signatures, were important predictors of spatial patterns of disease. 

Our models performed poorly overall, which limits their operational use for the Ministry of Health, 

Pivot, or other health actors.  
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Figure 5. Commune-level 

diarrhoeal incidence in children 

under five across time and 

space. (A) Monthly diarrhoeal 

disease incidence for each 

commune, with the mean 

incidence across all communes 

plotted in the bold black line. (B) 

One-month lagged temperature 

values for each commune. (C) 

Three-month cumulative rainfall 

values for each commune. (D) 

Map of yearly incidence by 

commune for 2017. Health 

centres supported by Pivot are 

red-filled symbols as in figure 

2Line colours in (A), (B) and (C) 

correspond to incidence values in 

(D) [59]. 

 

At a time where ’big data’ solutions are increasingly used to optimize local public health 

interventions, our findings highlighted the limitations of precision health mapping approaches at local 

scales, challenging the conventional wisdom that associations found at broad scales can simply be 

downscaled to inform local implementation. Despite these results, we are working on precision health 

mapping and modelling of other disease systems in Ifanadiana, such as malaria, to see if the higher 

incidence, better reporting, and (probably) stronger environmental signatures allow us to predict more 

reliably disease dynamics. However, this requires improvements in the precision and spatial resolution 

of routine surveillance data (next section). 

Malaria surveillance at local scales 

Reliable surveillance systems are essential for identifying disease outbreaks and allocating 

resources to ensure universal access to diagnostics and treatment for endemic diseases. Yet, most 

countries with high disease burdens such as Madagascar still rely on passive surveillance alone, which 

is known to miss the vast majority of cases in rural settings due to persistently low access to health 

care[60–63]. This is especially true for remote populations in rural areas, as health centers are sparsely 

distributed and health care utilization tends to decrease exponentially with increasing distance to a 

health facility [64–68]. Though passive surveillance is helpful at the national level to identify districts 

with higher transmission and track stock needs for a variety of diseases, innovations are urgently 

needed to allow these data to inform local implementation of control interventions. In particular, 

improving the quality of malaria surveillance is critical under the WHO Global Technical Strategy for 

Malaria 2016–2030 in order to reach the goal of a 90% reduction in malaria mortality [69]. All of the 

above issues are present in the rural district of Ifanadiana, where malaria transmission is among the 

highest in Madagascar and represents about one third of all primary care consultations every year. In 

order to help Pivot and the Ministry of Health better understand local malaria transmission, we needed 

to develop a method to obtain accurate estimates of spatio-temporal incidence at the level of villages 

within the district, in a way that limits biases in routine surveillance data due to low access to care. 



HDR Garchitorena   Integrated approaches in global health  

28 
 

I started exploring this work with Elizabeth Hyde, medical student at Stanford University and 

recipient of a “Med Scholar Research Program” award to do research with Pivot in Ifanadiana for one 

year, which I supervised. For this, we used a geographically-explicit patient dataset of nearly 300,000 

consultations and 75,000 malaria cases diagnosed at the District’s health centers over four years. We 

adjusted malaria incidence at the village level using a benchmark multiplier method combined with a 

healthcare utilization index, which we obtained following a precise spatio-temporal model of local 

determinants of health care access. Using multiple criteria for cross-validation, including comparisons 

with a district-representative longitudinal cohort, we show that our estimates are less sensitive to the 

distance decay observed in geographic access to care or to sudden changes in financial access due to 

user-fee exemption programs in place [70]. Importantly, we showed that passive surveillance missed 

about 4 in every 5 cases of malaria, and failed to detect spatial clusters of high malaria transmission 

clusters in the district (Figure 6). Although data collection was particularly time-consuming because we 

had to manually enter patient information electronically from health centers’ paper registries, we 

believe our methods could be easily scaled-up in the near future thanks to the increasing availability 

of e-health platforms for disease surveillance in Madagascar and across the developing world. Thanks 

to funding from the French National Research Agency, we are currently working on further improving 

these methods (see future research), using the resulting adjusted data to conduct statistical and 

mathematical models of local malaria transmission that will help us predict trends in e-health 

dashboards and simulate the potential impact of field interventions to reduce transmission in the 

district prior to their implementation.  

 

Figure 6. Temporal and spatial dynamics of adjusted monthly malaria incidence in Ifanadiana, 2014–2017. (A) 

Average number of new cases per 1000 population of all ages per month in the most plausible adjusted dataset 

(orange) and before adjustment (teal). (B) Geographic distribution of malaria, averaged over all months (left), 

high season months (December to May; center), and low season months (June to November; right). Color 

gradient represents average monthly malaria incidence per 1000 population [70]. 
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Local assessments of lymphatic filariasis elimination 

Related to empirical work conducted in Ifanadiana for improving local control of tropical 

diseases, I have continued to pursue my interest on NTDs, in this case via the study of lymphatic 

filariasis elimination programs. This disease with chronic disabling consequences is targeted for global 

elimination via annual rounds of mass drug administration (MDA) carried out by National Programmes 

in endemic countries [71]. Transmission assessment surveys (TAS) in school-attending children are the 

WHO-recommended tool helping National Programmes decide where MDA can be stopped [72], but 

the validity of their conclusions has rarely been assessed. In Madagascar, the National Programme has 

made substantial progress in reducing lymphatic filariasis transmission, with a priority for high 

prevalence districts such as Ifanadiana  [73]. However, since the Programme was launched in 2004, no 

study had evaluated its impact on transmission, contributing to a dire lack of literature on lymphatic 

filariasis in Madagascar. Working with the head of the National Programme, Holivololona 

Rabenantoandro and Malagasy MPH student Estelle M. Raza-Fanomezanjanahary, we carried out the 

first school-based TAS in the island, in addition to two concurrent community surveys in children and 

adults (~6,000 individuals), to assess transmission of lymphatic filariasis in four health districts of 

south-eastern Madagascar (Figure 7). This multiplicity of surveys allowed us to show that, although 

three of these districts were eligible to interrupting MDA based on TAS results, prevalence in adults 

remained remarkably high even after ten years of MDA [74]. Our KAP surveys and insights about the 

implementation of the National Programme, suggested that differentiated strategies and adherence 

for school-enrolled children and adults could be behind this contradicting results. Therefore, in 

addition to showing for the first time the progress of Madagascar against lymphatic filariasis, our 

results had broader implications for how to interpret TAS evaluations in countries where an integrated 

package of NTD interventions recommended by WHO is being implemented at schools, the target 

population of TAS evaluations. Based on these results, I obtained funding from the ARTS program at 

IRD for a Malagasy PhD student to model lymphatic filariasis elimination efforts and other disease 

control strategies in south-eastern Madagascar, co-supervised by Benjamin Roche and me.  

Figure 7. Assessment 

of lymphatic filariasis 

elimination in south-

eastern Madagascar. 

(A) Trends in 

microfilaria prevalence 

over time, 2005-2013, 

as a result of MDA 

programs. (B) Three 

type of surveys 

conducted 

simultaneously in 2016 

to assess elimination 

status in the area [74]. 
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Evaluation of interventions to achieve universal health coverage 

My background in disease ecology and experience working alongside NGOs and Ministries of 

Health in developing countries has allowed me to contribute to the understanding of particular tropical 

diseases such as Buruli ulcer, malaria, or lymphatic filariasis, with a goal of helping disease control 

efforts as described earlier, which are typically channelled through an array of vertical programs (i.e., 

disease-specific). The increase in support to vertical programs during the Millennium Development 

Goals (MDGs, 2000-2015) has had great benefits for populations in the developing world, resulting in 

a great expansion in the coverage of vaccines, bed-nets, and treatments for many infectious and 

parasitic diseases, and contributing to some of the greatest declines in mortality and morbidity for 

those in poverty [21, 75]. However, without parallel investments in stronger health systems, this focus 

on vertical programs can have in certain contexts negative spill over effects on health systems, such as 

service fragmentation, reduced effectiveness and increased barriers to health care access in non-

targeted populations [76]. The UN post-MDGs agenda, articulated through the SDGs reflected an 

attempt to address this by explicitly focusing on sector-wide approaches such as health systems 

strengthening (HSS) and universal health coverage (UHC). The WHO has estimated that in order to 

achieve the health-related SDGs, nearly three quarters of all additional required investments for low- 

and middle-income countries in the 2015-2030 period should be allocated to HSS, UHC, and other 

sector wide approaches (Figure 8), amounting to about 300 billion per year by 2030 [77]. Such a radical 

shift in priorities requires a profound rethinking of the evidence necessary and appropriate evaluation 

methodologies to inform funding allocation and implementation, because the current evidence base 

to inform such horizontal integration is woefully inadequate [76, 78, 79].  

Figure 8. Shift in investments for health, from the Millennium Development Goals (2000-2015) to the 

Sustainable Development Goals period (2016-2030) [80]. Left panel shows total development assistance for 

health per year, adapted from the Institute for Health Metrics and Evaluation (2016). Right panel shows projected 

additional investments required in 67 low-income and middle-income countries to meet the health-related 

SDG3, adapted from Stemberg et al. (2017).  
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One of the most important questions in global health is why known technologies – those that 

are proven to work in certain settings – systematically fail to reach the people for whom they are 

intended.  Half of the world’s population lacks access to essential health services [81], and the majority 

of child deaths in sub-Saharan Africa are due to illnesses – diarrhoea, malaria, pneumonia – for which 

solutions are known, cheap and effective if they reach patients in need. For example, oral rehydration 

therapy can reduce 90% of diarrhoea-related child deaths globally, but only 4 in 10 children receive 

the treatment [82]. In the majority of developing countries, Ministries of Health have set national 

policies based on international standards, but how best to implement those policies even at small 

scales remains largely unknown. The challenge is that even simple technologies require complex 

delivery systems - trained health workers, infrastructure, supplies, and medicines - to align at the point 

of care. Breakdowns occur at  different scales – from individual community health workers to health 

care facilities or national supply chains – and are self-reinforcing [83].  

Randomized controlled trials are often perceived as the gold standard methodology for impact 

evaluation in global health and, more broadly, in international development. Since the year 2000 

hundreds of RCTs have generated a vast amount of evidence and informed international guidelines, 

for key areas of global health [79, 84–86], but these have focused on evaluating discrete biomedical 

interventions for either the prevention, diagnosis or treatment of a particular disease[84, 87], largely 

implemented via vertical programs. In contrast, sector-wide approaches, with cross-cutting benefits 

but intrinsically more complex, are less amenable to RCT evaluation [88, 89], and therefore have 

generated less “high-quality evidence” for their wider adoption. In this sense, a big focus of my 

research over the past few years, starting during my postdoc and continuing as a researcher at IRD, 

has been to build robust data collection and evaluation methods (observational, quasi-experimental) 

in parallel a HSS-UHC intervention implemented in Ifanadiana District. Our collaboration is producing 

some of the most rigorous evidence on the impact of HSS on population health and the benefits and 

limits of standard UHC policies for local populations. In addition to allowing for rigorous research to be 

done at lower cost, the use of quasi-experimental observational methods enables health actors to keep 

control of the implementation process and the beneficiary population, unlike in most RCTs [80].  

Impact of HSS on healthcare coverage, inequalities and mortality 

UHC policies are based on a shared vision that primary health care and health services be “high 

quality, safe, comprehensive, integrated, accessible, available, and affordable for everyone 

everywhere” [90]. Achieving UHC requires health system strengthening (HSS) to ensure the reliable 

availability of quality health care. Madagascar is currently piloting a national UHC policy in one of the 

least funded health systems in the world, and one such pilots is in Ifanadiana District. The choice of 

Ifanadiana is not random: a partnership between the Ministry of Public Health (MoPH) and Pivot is 

strengthening the district health system at all levels of care: hospital, health centers, and a network of 

community health workers. This intervention is structured through the integration of clinical programs, 

health system “readiness” and information systems. The clinical programs include child health, with a 

focus on malnutrition and integrated management of child illness (IMCI); maternal and reproductive 

health; social support; and infectious disease programs, with a focus on tuberculosis, malaria and 

emerging diseases. Readiness includes infrastructure and sanitation, staffing and equipment to 

improve the quality of care; procurement systems; an ambulance network; trainings, frequent 

supervision and coaching of health staff. As part of the vision for UHC to increase health care access 

and reduce financial vulnerability, user fees are removed at all levels of care and social support is 

provided to vulnerable patients. The core activities in the first years covered approximately one third 
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of the district, which allowed us to compare the evolution in areas supported by the intervention and 

in the rest of the district.  

To evaluate changes in health system coverage and mortality rates, we are using a 

comprehensive data system that combines a district-representative longitudinal cohort (the 

“Ifanadiana Health Outcomes and Prosperity longitudinal Evaluation” or “IHOPE” for short) of 1600 

households conducted every 2-years [91], together with consultation data from all healthcare facilities. 

We pay particular attention to the evolution of economic and geographic inequalities, and to the use 

of all these results for improving program implementation over time. Early on in the HSS intervention, 

we determined via baseline surveys that conditions in Ifanadiana District were quite dramatic, with 

child and maternal mortality rates that doubled average rates for Madagascar and about three 

quarters of the population living in extreme poverty [92]. Furthermore, we showed that low access to 

healthcare at baseline was associated with both financial and geographic barriers, and that user-fee 

exemptions implemented in 2014 had immediate and strong impacts on healthcare utilization at the 

primary care level [93]. Results from subsequent waves of the cohort revealed substantial 

improvements in care seeking and economic inequalities, both central goals of UHC policies [94, 95]. 

Coverage from 2014 to 2018 increased by more than 4% per year for care seeking in children and 

adults, and for facility birth deliveries (Figure 9), even in the poorest economic groups. Despite 

improvements in the intervention area in all coverage and mortality indicators assessed, differences 

with the rest of the district for maternal care coverage and under 5 mortality rates were modest [94, 

95]. This could be associated with persistent geographic inequalities in access to care observed in the 

intervention area during the study period. Our results provide compelling evidence of the population-

level effects of HSS interventions, but also warn about the gaps in care that can persist unless public 

health systems adequately strengthen community health programs in remote areas. The cohort is 

ongoing, and we will continue to produce evidence as the HSS-UHC intervention adapts and expands. 

Figure 9. Annual change in key coverage indicators in Ifanadiana district, 2014 to 2018. Dots represent average 

model predictions for each area; whiskers represent 95% CIs based on bootstrap simulations of the model [95]. 
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Impact of HSS on quality of care and prevention strategies  

Although increases in healthcare utilization and coverage are essential, they are not 

necessarily sufficient for achieving substantial improvements in population health. Approximately one 

third of the 15.6 million avertable deaths that occurred in low and middle-income countries in 2016 

were attributed to receipt of low-quality care, exceeding those attributed to non-utilization of 

healthcare services [96]. Ensuring the delivery of high-quality care is thus vital to attaining the health-

related SDGs [97], and an international push is underway to incorporate measures of care quality when 

assessing the evolution of health systems in the developing world [98]. Given the large number of 

contributors to high-quality health systems, establishing standard indicators to measure care quality 

has proven challenging [98, 99]. The use of content of care (individuals’ reports of what happens in a 

consultation) has emerged as an approach that is quantifiable, objective, and applicable to a variety of 

diseases and conditions [100, 101], but HSS evaluations rarely go beyond assessing healthcare access. 

Working with MPH student Camille Ezran, which I supervised for her M2 thesis at Stanford University, 

we examined changes in the content of child and maternal care over the first two years (2014-2016) 

of the HSS-UHC intervention in Ifanadiana, as a proxy for evaluating healthcare quality. Using 

information from surveys in the IHOPE cohort as well as “Service Availability and Readiness 

Assessments (SARA)” surveys at health facilities, we found that the intervention resulted in a general 

increase in the delivery of WHO-recommended healthcare outputs such as medication prescriptions, 

diagnostic tests, and counselling [102]. We also identified specific gaps in the quality of services 

delivered, where changes in healthcare outputs did not match the increases in care access observed. 

Besides drawing lessons for UHC in Madagascar, our study contributed to fill an urgent gap in the way 

HSS interventions are evaluated.  

Another key determinant of population health, besides the coverage and quality of curative 

interventions, is the delivery of preventive interventions such as childhood immunizations. The 

strategies for delivering vaccines have been the same around the world for decades: by healthcare 

professionals, either at health facilities or through outreach activities in the form of vaccination 

campaigns. However, while vaccination campaigns typically receive attention as a way to rapidly 

improve vaccination coverage in particular populations, it is unclear how best to improve routine 

immunizations. On this front, I worked with Elinambinina Rajaonarifara, a Malagasy PhD student I co-

supervise with Benjamin Roche (UMR MIVEGEC), to evaluate how strengthening local health systems 

can help improve key indicators of vaccination coverage via its impacts on routine and outreach 

immunizations. Using datasets at both the health system and population levels in Ifanadiana, we 

showed that the HSS intervention led to an increase in routine immunizations, resulting in higher 

vaccination coverage, a reduction in economic inequalities, and a higher proportion of timely 

vaccinations [103]. This was despite the fact that the intervention did not target specifically vaccine 

improvements themselves. The gains observed disproportionately benefited those who could most 

easily access services, leading to a persistence of inequalities in geographic coverage in the area that 

prevented achieving international coverage targets for many population groups (Figure 10). Therefore, 

we show that strengthening local health systems can help improve vaccination coverage but explicit 

efforts are necessary to vaccinate those in remote areas so that immunization goals can be reached. 
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Figure 10. Predictions for achieving vaccination coverage targets for different population groups in Ifanadiana 

district. Graphs show in-sample predictions of vaccination coverage for the year 2018 in each intervention area, 

estimated from models fitted with the IHOPE cohort data 2014-2018 [103].  

The geography of health care access under HSS support 

A common theme across most of my early research in Ifanadiana has been the persistence of 

geographic inequalities in health care access despite interventions put in place to improve financial 

access and the quality of care. Indeed, poor geographic access to healthcare can be a great barrier 

towards the realization of UHC, which is supposed to make health services accessible and affordable 

“for everyone, everywhere”. In practice, UHC policies tend to focus on financial coverage, such as 

through health insurance, which reduce point-of-service payments known to be barriers to care [104–

108].  However, there is growing recognition that among the greatest challenges to accessing health 

care in rural areas of the developing world are geographic barriers: terrain, waterways, and other 

factors associated with physical distance between the patient and the service [64–68]. The use of 

primary care decreases exponentially for populations living at increasing distance of health services, 

which is known as the “distance decay” effect [64–68]. Distance decay in health access is equivalent to 

the effect of user fees [109], which can be more directly reduced or eliminated [104–108].   

There are many potential solutions to improve geographic access to different levels of care. At 

the primary care level, these can include building new health facilities (optimizing their location 

according to geographic access) or supporting community health programs. Community health 

programs have been a cornerstone of integrated primary care efforts in recent decades [110]. For 
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instance, the scale-up in sub-Saharan Africa of integrated community case management (iCCM) of 

childhood illnesses has increased access to life-saving interventions, such as malaria care, for children 

under 5 years [111]. At the secondary care level, solutions also include building new hospitals in optimal 

locations, or the establishment of ambulance referral networks to transport patients from lower to 

higher levels of care. Decisions around which of these solutions to implement and how to do it 

necessarily depend on the context, but they all require a detailed understanding of local geographic 

barriers to healthcare access at each level of care. In a context where HSS efforts are in place and aim 

to improve access to healthcare for everyone as part of the Madagascar UHC pilots, my research in 

Ifanadiana has thus focused on i) developing methods that allow us to understand geographic access 

to care with enough precision to be informative to local health actors, and ii) evaluating potential or 

current strategies to reduce barriers to care in the population, and how they affect geographic access. 

Improving estimates of geographic access to care for operational use 

Current modelling methods of geographic access to healthcare are limited by the lack of basic 

geographic information (e.g. footpaths, residential areas) in rural areas of the developing world. To 

address this, researchers typically include available geographic information into “friction surface” 

algorithms that account for terrain characteristics and road networks [112–115]. These methods are 

the basis of the freely available tool “AccessMod” developed by WHO to support the adoption of 

geographic accessibility analyses into health planning [116, 117]. Moreover, their simplicity means that 

they are the preferred methods in multi-country studies, and the findings of such studies become a 

reference point for estimates of geographic access to primary and secondary care at a continental [118, 

119] or global scale [120]. However, methods that rely on friction surfaces represent only a “best guess” 

of the routes people use in areas with poor road infrastructure and of the speed at which people travel. 

Their lack of precision prevents their widespread use at the local level by program managers and health 

workers, and could have larger implications for the validity of multi-country estimates.   

Working with Malagasy postdoctoral researcher Felana Ihantamalala, we developed new 

methods to obtain very precise, context-specific estimates of geographic accessibility to care in 

Ifanadiana to help Pivot and the Ministry of Health with the design and implementation of 

interventions that improve access for remote populations [121]. We used a participatory approach on 

OpenStreetMap to map over 20,000 km of footpaths and 100,000 buildings to accurately measure 

distance to health facilities and community health sites for every single household in the district via 

the Open-Source Routing Machine (ORSM) tool (Figure 11). We obtained corresponding travel time 

estimates, parametrized with hundreds of hours of fieldwork and remote sensing data analyses, and 

we integrated all the results into a practical e-health platform for use by local health actors. We showed 

that the proportion of the population in Ifanadiana with poor geographic access to health facilities is 

much larger than typically reported elsewhere: 15% within 1h walk in Ifanadiana vs. 66% estimated for 

Madagascar [120]. In addition, we provided the first evidence showing gaps in the geographic coverage 

of community health workers [121], which are meant to be the solution to geographic barriers to care.  
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Figure 11. Estimation of distance and travel time from households to health facilities. (A) Shows an illustrative 

example of shortest paths obtained thought OSRM, with building values for travel distance and time to reach one 

of the district’s PHC. (B) Shows the resulting maps of travel time for all households in Ifanadiana district, which 

vary from less than 1h (yellow) to over 5h (brown) [121]. 

Using a similar approach, we gathered information from 70 000 km of motorized trips by NGO 

vehicles (cars, motorcycles) in Ifanadiana District at different times of the year, and we calibrated 

models of motorized travel time under different terrain and climatic characteristics. We combined 

these estimates with the previous dataset on travel time to health facilities to obtain estimates of 

referral time (from facilities to hospital, by motorized vehicle) and pre-hospital time (adding to each 

referral the trip by foot from each household in the district to the nearest health facility), both based 

on shortest route algorithms and predictions from these statistical models of local travel speed [122]. 

We showed that about 10% of the population lived less than two hours from the hospital, and more 

than half lived over four hours away, with variable access depending on climatic conditions. Only the 

four health centers located near the paved road had referral times to the hospital within one hour. If 

these local results are representative of larger trends for sub-Saharan Africa, it suggests that results 

from multi-country studies should be taken with caution. For example, a recent continental study 

suggested that all regions in Madagascar had over 80% of their population living within 2 hours of a 

hospital [123], which is in stark contrast with the results we obtained here for Ifanadiana. This could 

have major implications for international health policies attempting to reach the recommended goal 

of ensuring that 80% of the population can access a hospital within 2 hours [124], since this threshold 

may be harder to reach than previously anticipated. 
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Impact of geographic barriers to care in a context of strengthened health systems 

While the effect of geographic barriers to health care access has been abundantly studied, and 

the “distance decay” in health care access has been consistently characterized in multiple settings [64–

68], there is little evidence on how health system change can impact the geography of health access, 

leaving policies that are meant to ensure access for all to be surprisingly blind to their effects on remote 

populations. As mentioned earlier, most countries in the world have committed to UHC through 

policies focused on a combination of reducing user fees at health facilities (e.g. via fee exemptions or 

national insurance), and expanding community health programs to serve remote populations. Whether 

these leading global policies designed to improve health care coverage can overcome key barriers to 

health care access remains unclear.  

To address this important global health question, but also to inform locally the strategy of the 

HSS-UHC intervention in Ifanadiana district, we collected geographic residences of nearly 300,000 

patients seen at all the primary healthcare facilities in the district between 2014 and 2017 to evaluate 

spatio-temporal changes in consultation rates at the fokontany level (smallest administrative level) 

following the HSS-UHC intervention. We combined this information with the precise estimates of 

geographic access to care described earlier, to analyze linear and non-linear relationships with distance 

and time to seek treatment at health facilities, as well as the impact of two programmes designed to 

reduce financial barriers (i.e. user-fee exemption) and geographic barriers (i.e. community programme) 

[125]. Our results show that despite an overall tripling in utilization rates in the study period, utilization 

declined dramatically within the first 5km even after the system was strengthened at the facility level 

and user fees had been removed (Figure 12). We observed a shift by 5km in consultation rates following 

user-fee removal, whereby rates in the intervention area were comparable to rates in populations living 

5km closer to a facility in the rest of the district. Predictions from our statistical models provided strong 

evidence that UHC policies focused only on access to health facilities in our context were inadequate, 

leading to utilization rates of 1 consultation per capita-year or more only for about 25% of the 

population. However, combined with strengthened community health programs these policies can 

have substantial impacts on the geographic reach of the health system, as CHW care in our context 

ensured that children under 5 years old reached at least 2 primary care consultations per year 

regardless of their distance to health centers. These results provided some of the best evidence to date 

of the substantial gaps in care that will persist until public health systems adequately integrate 

professional community health programs with an expanded scope of service [125]. 

In addition to our research at the primary care level, the provision of emergency and hospital 

care has become an integral part of the global vision for UHC [126] and is a key component of the HSS-

UHC intervention in Ifanadiana. Building on methods described earlier that accurately estimate referral 

and pre-hospital time, we studied how the local geography can limit the impact of a strengthened 

referral program implemented in the district, in terms of referral numbers completed [122]. We used 

this information to predict how strategies aimed at reducing referral time for underserved populations 

could improve referral numbers for remote health facilities. We showed that in our context, referral 

time remained the main barrier limiting the number of referrals despite HSS efforts, with an 

exponential decline in referrals with increasing referral time from the health facility to the hospital. The 

addition of two new referral centers in the north and south of the district, a strategy that the MoPH-

Pivot partnership is considering for Ifanadiana, was estimated to triple the population living within two 

hours from a center with better emergency care capacity and nearly double the number of expected 

referrals. Together, our studies demonstrated how HSS-UHC interventions can be optimized for 
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geographic accessibility at local scales through improving the precision of travel time estimates and 

pairing them with data on health facility use. 

 

Figure 12. Average health facility utilization per capita in Ifanadiana District 2014-2017, by distance of each 

Fokontany to the nearest health facility. Colors represent the HSS-UHC intervention catchment (blue) and the 

rest of Ifanadiana district (red). Each dot represents one of the 195 Fokontany in Ifanadiana, solid lines are the 

respective non-linear smooth (local regression, LOESS method) and grey shades are the 95% confidence intervals 

around each smooth.  
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6. Future research 

My current and future research activities build on the experience I have gained over the past 

ten years and the same principles that have shaped my early scientific career. Beyond a particular 

disease system, research method or field of study, I will strive to develop a solutions-oriented research 

agenda that helps understand pressing challenges in global health, improve health services or 

interventions aimed for vulnerable populations, and produce evidence for policy and scale-up when 

appropriate (Figure 13). In the next few pages, I summarize how I am trying to articulate this vision 

through some of my main research projects. First, I am expanding the work I began on infectious 

disease and geographic accessibility modelling, to produce e-health tools that can be useful to health 

actors and can be rapidly scaled over large geographical areas (1. Building scalable e-health tools to 

improve health programs). Second, I will continue conducting assessments of vertical and horizontal 

interventions, with a stronger focus on community health programs given the importance of 

geographic barriers to health care access in Madagascar and elsewhere (2. Evaluation of novel health 

interventions and policies). Finally, I will take advantage of my experience trying to understand 

feedbacks between environmental degradation, poverty and human health to contribute to projects 

that aim to operationalize “one health” or “planetary health” approaches on the ground in order to 

reduce zoonotic disease emergence and transmission (3. Promoting and implementing integrated 

approaches for planetary health). Most of this research is done with local teams, postdocs and students 

that I supervise directly and who allow me to expand my research agenda in multiple directions due to 

their wide range of backgrounds and expertise (medicine, health geography, disease ecology, etc.). 

Figure 13. Evolution of my scientific agenda from previous research activities to current and future research. 

Schematics show my three main areas of current and future research, and how these relate to research carried 

out in the previous 10 years.  
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Building scalable e-health tools to improve health programs 

Surveillance and control of malaria at the local level using e-health platforms  

The poor performance of facility-based surveillance systems in areas of low healthcare access, 

a greater professionalization of CHW work through trainings in medical protocols and performance-

based payment schemes, and the rise of mobile e-health platforms in the hands of CHWs for data 

collection and case management, have contributed to a strategic shift in how health system 

information is collected and used to inform health planning. Integration of feedback loops between 

infectious disease modelling approaches and existing community-based e-health platforms, can help 

to 1) plan efforts and resources necessary ahead of time for specific areas and periods, reducing stock-

outs and increasing case detection; and 2) implement additional control activities that are predicted 

to minimize transmission at the population level. However, while such approaches are increasingly 

informing national or regional planning [127], their application at the local level, where intervention 

efforts actually take place, remains largely unexplored, especially in rural areas of sub-Saharan Africa 

[128]. Previous work I have done in Ifanadiana on surveillance, precision health mapping and modelling 

of infectious diseases have allowed me to recognize this gap, and build the foundations to start 

addressing this issue through a pilot study on malaria in collaboration with Pivot. 

The goal of the project “SMALLER: Surveillance and control of malaria at the local level using 

e-health platforms” funded by ANR and for which I am the PI, is to develop statistical and mathematical 

models of malaria transmission that inform key features of program implementation, helping to adapt 

surveillance and control strategies at the community level. For this, we are coupling, at the level of a 

health district, accurate epidemiological surveillance of malaria cases, high resolution satellite 

information, and socio-economic data, to gain a comprehensive understanding of local malaria 

dynamics (Figure 14). Leveraging Pivot healthcare delivery platform and data collection systems in 

Ifanadiana, we will pilot innovative and reliable malaria decision-making tools that can be validated 

locally and scaled-up globally. The specific objectives of this project are 1) to estimate the unobserved 

burden of malaria at the community level for improved surveillance. Our hypothesis is that more than 

one third of symptomatic cases are unaccounted for in the district’s facility-based surveillance system 

due to financial and geographical barriers to access healthcare; 2) to integrate community-level 

predictions of malaria transmission into existing CHW workflows in Ifanadiana district for improved 

program implementation. We hypothesize that the use of routine predictions of malaria cases at the 

community level by CHWs and supervisors can help improve case detection and reduce stock-outs of 

rapid diagnostic tests (RDTs) and antimalarial drugs; 3) to implement additional control strategies that 

minimize malaria transmission, informed by transmission model simulations. Our hypothesis is that 

implementation of malaria control activities based on a better understanding of local transmission can 

lead to further reductions of malaria incidence than blanket routine control strategies could achieve.  
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Figure 14. Schematic representation of the SMALLER project aims and organization 

AIM 1. Estimate the unobserved burden of malaria at the community level to improve surveillance  

The number of RDT confirmed malaria cases per month will be obtained for each of the 195 

Fokontany (smallest administrative unit) in Ifanadiana district for 2015-2021. For this, the geographic 

information of each case will be retrieved from the registries of the 19 primary healthcare centres 

(~100,000 cases are expected based on 2015-2017 trends) and will be combined with CHW data at the 

Fokontany level. Since access to healthcare for febrile episodes is highly heterogeneous across the 

district due to substantial geographical and financial barriers [93, 94], we will use indirect estimation 

methods to capture the “hidden burden” of malaria cases. We will leverage our cohort’s spatial data 

on healthcare access (80 clusters), together with geographical data on per capita utilization of non-

malaria cases in order to correct raw information from the registries. For this, we will carry out 

benchmark-multiplier and multiple imputation methods, typically used in health systems research 

[129]. This work will allow us to obtain spatially accurate predictions of monthly malaria incidence at 

the local level for the period 2015-2021, which will be used in Aim 2 to identify associated factors. We 

will validate our model predictions of malaria spatio-temporal dynamics using point prevalence 

estimates of symptomatic malaria from a representative sample of Ifanadiana’s population during the 

high malaria season of 2021. For this, we have included malaria RDTs in the 2021 wave of Pivot’s 

cohort, which follows-up 1,600 households in Ifanadiana District (~8000 individuals), selected through 

a two-stage cluster-randomized design. All children under 15 years were tested and capillary blood 

was collected in filter papers for ulterior analyses.  

AIM 2. Integrate community-level predictions of malaria transmission to improve routine activities 

 Detailed land use maps will be produced from high resolution satellite images to 

characterize known environmental factors that influence malaria transmission, using remote sensing 

techniques. This will allow the accurate mapping of settlements, agricultural fields, road networks, and 

footpaths to help measure anthropogenic gradients. Field observations will be conducted to refine 

image analyses and validate results. We will conduct a complementary temporal analysis using 

medium resolution images from Sentinel 1 and 2 satellites. This analysis will measure seasonal changes 

in vegetation, moisture and water (including floods) to characterize their impact on malaria dynamics. 

In addition, socio-economic data will be available through Pivot’s cohort, including factors related with 

malaria exposure and vulnerability, such as bed net ownership and use, agricultural practices, poverty 

levels, malnutrition, or demography. We will combine GLMMs with spatial and time-series analyses to 
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estimate the influence of key drivers on the observed local malaria dynamics at the Fokontany level 

for 2015-2020. We will estimate the uncertainty around model estimates using multi-model selection 

algorithms [30]. Malaria data and models will be integrated into Pivot’s systems for monitoring and 

evaluation to provide routine predictions of malaria transmission at the community level. For this, an 

interactive web-based interface will be created using package “Shiny” for R programming language 

and will be hosted at Pivot data platform [127]. We will automatize the extraction at frequent intervals 

of satellite environmental data (e.g. temperature, NDVI) and malaria incidence at the community level. 

Socio-economic data will be updated at every new wave of Pivot’s cohort. Together, this will allow 

routine fitting of models to obtain updated spatio-temporal predictions that will be used by Pivot to 

plan in advance stocks of RDTs and antimalarial drugs for each CHW. Finally, we will assess whether 

the availability of malaria case predictions in CHW dashboards and supervisions helps reduce stock-

outs (RDTs and antimalarial drugs) and increases case detection. For this, we will collect additional 

stock-out information at the community level before and after introduction of the dashboards. Since 

Pivot currently supports and supervises about half of the CHWs in the district (~200), the rest of CHWs 

will be used as a control group. We will carry out interrupted time-series analyses with control groups 

[93] to analyse its impact. 

AIM 3. Model-informed implementation of control strategies to minimize malaria transmission 

Relying on existing individual-based models that account for relationships between 

environment (climate, land use), mosquito dynamics, and disease transmission, we will fit a spatially 

explicit mathematical model to the observed spatio-temporal variations in malaria incidence [130]. 

This model, which will integrate key parameters and relationships relevant for Ifanadiana identified 

earlier (Aim 2), will allow us to simulate the impact of a range of interventions at the community level 

(e.g. active case detection, indoor spraying, bed-net distribution, awareness) targeted at specific 

periods and populations based on predicted patterns (e.g. hotspots during low transmission season), 

to assess which are the best strategies to minimize transmission [131]. Model-informed interventions 

will be discussed with Pivot’s medical team and MoH district medical officer to assess their feasibility 

and buy-in. Implementation is expected to begin in the 2022-23 season and intervention impact will 

be assessed by comparing model predictions with observed trends in intervention and control groups. 

Feedbacks between research and medical teams during implementation phase will guide these efforts. 

Besides its scientific novelty, this project will represent an exemplary case for cross-sectoral 

collaboration between researchers, civil society and local governments for improving population 

health in low-resource settings. 

Scaling tools for fine-scale geographic accessibility modelling 

Widespread implementation of malaria control measures has resulted in a steady decrease of 

global incidence of malaria, but this trend has recently slowed and even reversed in some areas. 

Between 2016 and 2017, Madagascar saw an increase of more than half a million cases. Universal 

access to rapid diagnosis and treatment is a key strategy to reduce the burden of malaria, but access 

to health care remains low in rural areas of Madagascar, where over three quarters of the population 

live. For instance in 2016, only 15.5% of Malagasy children with reported fever had an RDT done and 

only 10.1% were treated with an antimalarial. Research I have led in Ifanadiana (described earlier) 

showed that poor geographic access to primary care in remote populations is one of the main factors 

driving low healthcare utilization, and support to community health programs is a key way to reduce 

geographic barriers to care, including for malaria. To optimize local malaria control interventions 
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targeted at remote populations and improve their access to malaria diagnoses and treatments, a very 

precise understanding of the local geography is necessary to identify populations with poor geographic 

accessibility to health facilities, plan field missions and set-up itineraries for community health workers 

(e.g. proactive care) and outreach teams (e.g. bed net distribution). However, implementation efforts 

are currently limited by a lack of basic geographic information (e.g. footpaths, residential areas, 

isolated households) in rural areas of Madagascar. Our pilot work in Ifanadiana on geographic access 

to care, where we combined a large-scale mapping project with novel geographic modelling methods 

and the development of e-health tools  [121], has drawn the attention of international organisations 

such as USAID’s President Malaria Initiative (PMI), who are interested in scaling these methods to other 

parts of Madagascar (Figure 15) in an attempt to inform the implementation of “last mile” 

interventions in partnership with the National Malaria Control Program of the MoPH.  

The objective of the project “Malaria remote populations (MRP): scaling tools for fine-scale 

geographic accessibility modelling in South Eastern Madagascar” funded by USAID-PMI and for which 

I am the PI, is to scale-up work piloted in Ifanadiana to five other health districts in the area to develop 

very precise, context-specific estimates of geographic accessibility to care. This will help the MoPH and 

partner organizations with the design and implementation of interventions aimed at improving access 

for remote populations. As before, we will use a participatory approach on OpenStreetMap to map all 

the footpaths, residential areas and households in the five districts to accurately measure distance to 

health facilities for every single household in the study area. We will obtain corresponding travel time 

estimates, parametrized with prior fieldwork in Ifanadiana and remote sensing data analyses from 

high-resolution satellite images on the scale-up districts. Finally, we will integrate the results into a 

practical e-health platform for use by health actors. A web application will facilitate planning of 

activities, while a smartphone app will allow field teams get precise directions anywhere in their 

district. We will cross-validate our estimates of travel time to health facilities, comparing them with 

corresponding reported travel time obtained in a survey of over 1,600 households in Farafangana 

District. In addition, we will study the effect of access to health facilities on healthcare utilization and 

malaria incidence, combining information from health center registries and community health 

workers. The study is developed in collaboration with Institut Pasteur Madagascar, PMI Madagascar, 

USAID-ACCESS, Pivot and the National Malaria Control Program. The project will also be an opportunity 

to assess the feasibility, needs and costs related to scaling such comprehensive mapping projects and 

precise geographic accessibility modelling methods to larger areas of the developing world. 
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Figure 15. Scale-up of fine-scale geographic accessibility modelling in South Eastern Madagascar. Map shows 

in yellow the district of Ifanadiana, where the initial pilot was conducted, and in green the five other districts 

where the work is being scaled-up with funding from USAID. 

Evaluation of novel health interventions and policies 

Community health interventions to decrease malaria burdens 

Given the pervasive effects of poor geographic access to health care and my experience on the 

subject during recent years, an important area of my current and future research is the evaluation of 

community health interventions in Madagascar, with a particular focus on malaria. In this sense, 

integrated community case management (iCCM) is one of the most common interventions 

implemented across sub-Saharan Africa. It utilizes CHWs to increase timely access to curative 

interventions for pneumonia, diarrhea and malaria, the main causes of death among children under 5 

years of age in remote, vulnerable populations. Community-based testing and treatment for malaria, 

through iCCM, has demonstrated increases in treatment rates and care-seeking; and resultant 

reductions in severe malaria and malaria mortality in children under five years of age. There is growing 

interest among countries implementing iCCM in expanding access to all ages. Indeed, prompt care-

seeking for fever has stagnated in a number of countries despite improvements in the availability of 

supplies and in the quality of care offered at health facilities. Anecdotal reports and some qualitative 

data suggest that where iCCM is implemented, communities may demand treatment for older age 

groups. Thus, expansion of malaria community case management (mCCM) to all ages may address 

some of the barriers to early care-seeking, including geographic distance and lack of time and resources 

to visit the nearest health facility, but the effectiveness of these efforts is unclear. To date, no studies 

have rigorously demonstrated the effectiveness of expanding mCCM to all ages in areas where malaria 
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prevalence remains moderate or high. This information is necessary to guide national health policies 

on the implementation of such an intervention in Madagascar and elsewhere. 

The goal of the project “Assessing the effectiveness of community case management of malaria 

(mCCM) for all ages in Farafangana District, Madagascar”, funded by USAID-PMI and implemented in 

close collaboration with the MoPH and the NGO Inter Aide, is to assess whether expanding mCCM to 

all ages increases the proportion of people of all ages who are tested for malaria by CHWs or at health 

facilities. The design of this pilot, for which I am co-PI, is a cluster-randomized trial with two arms 

(intervention and control) taking place in the catchment areas of 30 health facilities (15 per arm) 

comprising approximately 500 CHWs (Figure 16). In the control arm, case management of malaria by 

health facilities and CHWs is done in line with current national recommendations (iCCM for children 

<5 years). In the intervention arm, case management of malaria is done by health facilities and CHWs 

in line with current national recommendations (iCCM for children <5 years), with an extension of 

community case management of malaria to all ages. In both arms, the community health system is 

strengthened via trainings, sensitizations, routine supervisions and support to the supply management 

system.  

Specific objectives of this project are to assess 1) whether expanding mCCM to all ages 

increases the proportion of household members with fever who sought care and, if tested positive for 

malaria, received treatment with an appropriate antimalarial, 2) whether expanding mCCM to all ages 

reduces the prevalence of malaria among children less than 15 years, 3) whether expanding mCCM to 

all ages affects the proportion of children under 5 years with illness seeking care for pneumonia and 

diarrhea, 4) the acceptability of the extension to all ages of mCCM, according to community members, 

CHWs, and health facility providers, and 5) the costs and cost-effectiveness of extending mCCM to all 

ages. In order to evaluate the effectiveness of the intervention, a cross-sectional household survey 

with a sample size of 1,680 households (840 per arm) will be carried out prior to the intervention and 

24 months later. The survey will include a socio-demographic and questionnaire and health questions 

for all household members, answered by the head of household. In addition, a capillary blood sample 

will be taken from children under 15 years of age for a rapid diagnostic test and filter paper blood 

collection to understand the prevalence of malaria in this age group. Monthly quantitative data will be 

abstracted from the registers of health facilities and CHWs in the two arms and will be analysed for the 

entire study period. In addition, to better understand perceptions about the care offered in each arm, 

qualitative studies with community members, CHWs, and facility health workers will be conducted in 

both arms at the end of the intervention.  

The expansion of mCCM to all ages being part of the Madagascar Malaria Strategic Plan 2018-

2022, the study is set up as a pilot project in one endemic district prior to a national scale-up by the 

MoPH that will be supported by USAID-PMI and the Global Fund if the results are encouraging. 
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Figure 16. Study location and design of the mCCM project. The study is done in Farafangana District in the 

southeast of Madagascar, which corresponds to a moderate transmission zone (transmission levels during 2015-

2017 were ~100 cases per 1,000 population based on passive surveillance). The 15 health center catchments in 

the control arm are shown in green and the 15 in the intervention arm are shown in yellow. 

A multidisciplinary research agenda for adaptive HSS interventions 

Most illness and death in developing countries are preventable and treatable with known 

solutions at costs that are affordable at scale. The challenges with scaling up these solutions are largely 

due to implementation: even simple technologies require complex delivery systems –a value chain of 

staff, stuff, systems, and space - to reach all patients. Rates of preventable disease and mortality 

remain high, in part, because of knowledge gaps due to poor alignment between research and health 

care delivery. My goal since I started collaborating with the NGO Pivot in Ifanadiana has been to 

progressively build a multidisciplinary research agenda around HSS that informs the MoPH-Pivot 

partnership locally, provides lessons for the government of Madagascar nationally and generates 

evidence for the global health community more broadly on HSS, UHC policies, and disease control 

interventions. As Pivot’s Associate Scientific Director, I play a key role in setting the NGO’s strategic 

priorities and I am responsible for leading an array of research projects, funded with internal or 

external resources on the following topics: 

I. Population-level impact of HSS and UHC: Impact evaluation through analysis of a district-

representative longitudinal cohort in combination with health system data has been foundational to 

my research in recent years. With each iteration of the HSS evaluation I include novel components, 

such as the spatio-temporal evolution of indicators, an analysis of geographic equity, and the 

development of an e-health tool for visualization of cohort results by programmatic teams in the last 
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wave of the IHOPE cohort. I will continue using these data to assess the impact of HSS and UHC in 

Ifanadiana, with an intervention that expands geographically, programmatically and adapts to the 

evidence produced by my research team. Given the longer time frame, in future analyses I will assess 

whether there are linear or non-linear changes in health care coverage indicators given Pivot’s support, 

as well as the impact of the COVID-19 epidemic on health care seeking behaviors. Moreover, as the 

intervention will be soon scaled-up to other districts, we will aim to expand and adapt the IHOPE cohort 

accordingly to provide evidence on how the impact of HSS efforts changes during the scale-up phase. 

II. Geographic equity in access to care: I will continue to develop new research in health geography to 

assess how a good understanding of the local geography can influence the provision of health care at 

every level of the health system in Ifanadiana District (community health, primary care, hospital). The 

platform for this will be the combination granular HMIS data (at the village level) with our massive GIS 

dataset containing over 100,000 buildings and 20,000 km of footpaths in Ifanadiana. At the community 

level, I will aim to characterize whether there exist geographic barriers even to community health use 

for children under 5, and whether proactive community health programs can help ensure universal 

access to care in remote areas. In addition, we will adapt “traveling salesman” algorithms (such as 

those used by home delivery companies) to characterize optimal routes for proactive CHWs to cover 

their catchment population and to inform programmatic needs in human resources according to 

geography. At the primary care level, I will aim to characterize how geographic access to maternal 

health services changes over time as a result of programs in place by the MoPH-Pivot partnership.  

III. Health system analytics, eco-epidemiology and surveillance: As argued before, there exists an 

important gap in the application of current methods in eco-epidemiology to inform health system 

preparedness and disease control at local scales. My goal in this area is to develop new methods 

combining environmental information (e.g. remote sensing, vector surveillance), spatially granular 

health system information and population surveys, with models of disease transmission to understand 

and forecast local disease dynamics in Ifanadiana. Besides the project on malaria described in detail 

above, I will focus on other disease systems relevant to Ifanadiana, such as lymphatic filariasis, 

schistosomiasis, and COVID-19. Specifically, I will aim to characterize and understand the burden of 

disease at the community level, forecast local disease dynamics and integrate community-level 

predictions into tools for health workers that could improve activities. Moreover, I will aim to assess 

the expected impact of several disease control/elimination activities implemented in the district.  

Promoting and implementing integrated approaches for planetary 

health 

The emergence of new human and animal diseases is becoming more and more frequent at 

the global level, which is evidenced by the recent outbreaks of H5N1, EBOLA, Zika, or COVID 19. The 

majority of these emergences are of zoonotic origin, i.e. caused by pathogens of animal, domestic or 

wild origin. These emergences are deeply linked to the pressures exerted by humans on the 

environment such as deforestation, industrialization or pollution, and the associated negative impacts 

these have on ecosystem services and biodiversity. It is now recognized that the health of humans, 

animals and the environment are linked and that global frameworks of study and action (e.g. One 

Health, Eco-Health, or Planetary Health) are necessary to prevent or mitigate these emergences. The 

Global Initiative "Preventing Zoonotic Disease Emergence (PREZODE)" (https://prezode.org), 

announced by President Macron in the 2021 One Planet summit and endorsed by multiple 

international organizations, aims to promote these kinds global approaches in operational research in 
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order to prevent future pandemics. As a veterinarian with a background in public health and disease 

ecology, as well as field experience in implementation research, I am ideally positioned to contribute 

to this initiative, and I have been appointed IRD focal point for PREZODE in the Indian Ocean. 

In this capacity, I will help develop in Madagascar over the next few years one of the first pilot 

projects of the PREZODE initiative funded by AFD in five priority countries. In collaboration with the 

SEGA-OI network – a regional health surveillance network led by the Commission for the Indian Ocean– 

the aim of the Madagascar pilot (for which I am co-PI) will be to develop and strengthen surveillance 

capacities for priority zoonotic diseases, such as Rift Valley fever and other vector-borne diseases, and 

those from pathogens originating in wildlife (e.g. Hantavirus, and Coronavirus) among others. Indeed, 

Madagascar has an exceptional number of endemic species, but intensive deforestation, poaching and 

slash-and-burn practices, in addition to climate change are all factors that can promote disease 

emergence. The project, which will be largely implemented in Ifanadiana District thanks to the strong 

partnership and knowledge we have around the area, will include three main pillars: (i) research 

activities allowing a better understanding, prediction and management of risk factors for zoonotic 

emergence, (ii) co-construction of ecosystems resilient to zoonotic risks with local actors, and (iii) the 

implementation of surveillance and early detection strategies adapted to the epidemiological contexts 

of the areas considered and to the practices and perceptions of local actors. In short, we will combine 

epidemiological studies with field collections to identify circulating pathogens, people at risk, 

community exposure and risks of exposure. This will make it possible to raise community awareness 

about these risks, and to induce changes in practices to reduce them. Finally, we will increase the 

capacity of surveillance systems already in place by integrating human, animal and environmental 

health surveillance at the community level in order to detect abnormal events early, which could lead 

to disease emergence. 

 As is the case with most of the projects I am involved with, the operational scope of the 

Madagascar pilot means that the project will be implemented via a collaboration between research 

institutions (CIRAD, IRD, IPM, Antananarivo University, Centre National de Recherche en 

Environnement), non-governmental organisations (Pivot, Agronomes et Vétérinaires sans Frontières, 

Centre Valbio, Wildlife Conservation Society) and government agencies (Direction de Veille Sanitaire 

Surveillance Epidémiologique et de Riposte, Direction des Services Vétérinaires).  
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7. Résumé en français 

Contributions à la science 

Plus d’un milliard de personnes, la plupart dans des pays tropicaux et subtropicaux, vivent encore dans 

l’extrême pauvreté et souffrent d’un fardeau disproportionné de maladies transmissibles [1, 2]. Les 

rétroactions entre la santé humaine et le développement économique ont contribué à une tendance 

positive au niveau global de la richesse et de la santé dans l’histoire récente, mais elles sont aussi en 

partie responsables des grandes inégalités présentes dans le monde aujourd’hui. Un lien important 

dans cette relation est le rôle de l’environnement sur les tendances spatiales historiques et actuels de 

pauvreté et de maladie [3–5]. Les régions tropicales ont des conditions climatiques et biologiques 

appropriées pour que les agents pathogènes se développent et persistent [6, 7], entraînant ainsi un 

fardeau important de maladies infectieuses et parasitaires qui nuisent à la productivité de leurs 

populations locales, entre autres impacts économiques [8, 9]. Dans le contexte actuel de dégradation 

de l’environnement, de changement climatique et d’occupation des sols, les régions tropicales et les 

populations vulnérables devraient supporter une charge disproportionnée d’effets néfastes sur la 

santé [10], ce qui exacerbera les inégalités existantes  [11]. La reconnaissance de ces multiples liens 

(figure 1) a favorisé un engagement multilatéral global en faveur du développement humain, du bien-

être et de la préservation de l’environnement, incarné dans les objectifs de développement durable 

(ODD) [12]. Alors que les ODD guident les politiques et l’aide au développement sur tous ces fronts au 

cours de la période 2015-2030, il est nécessaire de disposer de cadres d’étude et d’action intégratifs, 

multidisciplinaires et basés sur des systèmes, afin de s’attaquer à certains des problèmes les plus 

urgents du développement durable aujourd’hui. 

Figure 1. Rétroactions entre écosystèmes, maladies infectieuses et développement économique [13]. 

Mon expérience multidisciplinaire avant de devenir chercheur à l’Institut de Recherche pour 

le Développement (IRD) m’a aidé à mieux comprendre comment ces interactions entre la pauvreté, la 

dégradation de l’environnement et les maladies humaines se déroulent dans des contextes réels et 

comment des solutions peuvent être mises en œuvre pour y remédier sur la base de ces connaissances. 



HDR Garchitorena   Integrated approaches in global health  

50 
 

Après avoir terminé 5 ans de formation de médecin vétérinaire à l’Université « Complutense de 

Madrid », j’ai réalisé un Master Européen en Santé Publique (2009-2011) au cours duquel j’ai acquis 

de l’expérience grâce à des stages auprès du Ministère guatémaltèque de la Santé Publique sur la lutte 

contre les maladies à transmission vectorielle, et avec le Réseau Villes-Santé Français de l’OMS sur les 

déterminants sociaux de la santé et la santé urbaine. Ces compétences biomédicales, combinées à des 

connaissances en santé environnementale et en déterminants sociaux de la santé, m’ont permis de 

développer un projet de doctorat multidisciplinaire financé par le réseau doctoral Français en Santé 

Publique. Mon doctorat, réalisé en 2011-2014 sous la supervision des écologistes Jean François Guégan 

et Benjamin Roche (IRD), visait à évaluer les interactions entre la pauvreté, les facteurs 

environnementaux et l’ulcère de Buruli, en combinant un travail de terrain écologique approfondi au 

Cameroun avec des analyses de modélisation statistique et mathématique. De 2015 à 2017, j’ai été 

postdoc en santé mondiale et médecine sociale à la Harvard Medical School, supervisée par 

l’économiste Matthew Bonds et l’épidémiologiste Megan Murray. Au cours de la même période, je 

suis devenu responsable de recherche pour l’ONG Pivot, fondée par Matthew Bonds en 2014 et basée 

à Madagascar, où j’ai passé la plupart de mon temps. Au cours de cette période, j’ai concentré mes 

recherches sur une meilleure compréhension des inégalités en matière de santé et sur la réalisation 

d’évaluations d’impact des interventions sanitaires dans le cadre du programme de renforcement des 

systèmes de santé (RSS) de Pivot dans le district d’Ifanadiana, à Madagascar.  

Cet ensemble divers d’expériences et d’intérêts de recherche a fortement façonné mon 

programme, mes approches et mes contributions scientifiques. Tout d’abord, les méthodes en 

écologie et en économie des maladies que j’ai apprises au cours de mon doctorat et de mon 

postdoctorat m’ont permis de développer des approches de recherche pour comprendre, d’un point 

de vue théorique et empirique, comment la prise en compte simultanée de la dynamique 

environnementale des agents pathogènes, de la dynamique économique et de la santé humaine peut 

aider à éclairer les activités de contrôle des maladies (Section 1. Approches de recherche intégrées 

pour améliorer le contrôle des maladies tropicales de la pauvreté). Deuxièmement, mon expérience 

en Ifanadiana m’a fait réaliser que, bien qu’il y ait eu des progrès incroyables dans la modélisation des 

maladies infectieuses dans la littérature universitaire, ces méthodes sont rarement utilisées d’une 

manière qui informe la mise en œuvre des activités de contrôle au niveau local. J’essaie de combler 

cette lacune en adaptant les méthodes de collecte de données et les analyses pour un certain nombre 

de maladies pertinentes dans la région afin que les résultats de la recherche puissent être utilisés par 

les acteurs locaux de la santé (Section 2. Surveillance et modélisation des maladies tropicales au niveau 

local). Troisièmement, même si la compréhension des déterminants écologiques et socio-

économiques de la santé peut mener à de meilleures stratégies verticales de prévention et de contrôle 

des maladies, j’ai pris conscience du potentiel que les approches horizontales en santé, telles que le 

RSS, les interventions et les politiques de couverture sanitaire universelle (CSU), ont pour améliorer 

durablement la santé des populations. Mes recherches sur ce front se sont concentrées sur la mise en 

place de méthodes robustes de collecte des données et d’évaluation (observationnelles, quasi 

expérimentales) pour mesurer l’impact de telles approches et éclairer leur mise en œuvre (3. 

Évaluation des interventions visant à atteindre la couverture sanitaire universelle). Enfin, comme mes 

travaux de recherche sur la mise en œuvre ont constamment révélé la persistance des inégalités 

géographiques au fil du temps, les approches de géographie de la santé sont apparues comme une 

expansion nécessaire de mon programme de recherche, où j’essaie de caractériser précisément les 

inégalités géographiques dans l’accès potentiel et réalisé aux soins de santé à différents niveaux de 

soins (4. La géographie de l’accès aux soins de santé dans le cadre du soutien du RSS).  
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Approches de recherche intégrées pour améliorer le contrôle des maladies tropicales de la pauvreté 

Mon premier intérêt de recherche portait sur les interactions entre la pauvreté, les facteurs de 

risque environnementaux et l’émergence ou la persistance de maladies infectieuses, inspirés par des 

travaux antérieurs sur les pièges de pauvreté induits par les maladies infectieuses [5, 14, 15]. En ce 

sens, les maladies tropicales négligées (MTN), un groupe de maladies chroniques, défigurantes et 

invalidantes, représentent un cas d’étude parfait de fortes rétroactions écologiques et économiques 

avec les maladies humaines. La persistance environnementale de bon nombre de ces maladies, 

combinée à un lien étroit avec la pauvreté, signifie qu’une diminution réussie et durable du fardeau de 

nombreuses MTN nécessite une compréhension plus large des interactions qui ont lieu entre systèmes 

humains et environnementaux. 

 Mon travail dans ce domaine a commencé pendant mon doctorat, où j’ai étudié ces interactions 

dans le contexte d’une seule maladie, l’ulcère de Buruli, afin de mieux comprendre les facteurs 

écologiques conduisant à un risque d’infection plus élevé, son mode de transmission à l’homme et ses 

impacts économiques dans les zones endémiques. Mon doctorat visait à fournir des informations sur 

les mécanismes écologiques permettant à M. ulcerans de croître, de persister et d’être transmis de 

l’environnement à l’homme, en utilisant une approche multidisciplinaire et de terrain au Cameroun 

(Figure 2). Pour cela, j’ai caractérisé la dynamique écologique de M. ulcerans avec des détails sans 

précédent dans de multiples communautés aquatiques de deux régions endémiques de l’ulcère de 

Buruli pendant un an [29]. On a constaté que M. ulcerans se développait pendant les périodes de 

précipitations intensives, et que des conditions physico-chimiques optimales dans les écosystèmes 

lentiques (c.-à-d. faible débit d’eau, faible teneur en oxygène, pH légèrement acide, température 

élevée) favorisaient la persistance environnementale de l’agent pathogène et la colonisation des hôtes 

aquatiques [30].  

Figure 2. Rétroactions entre environnement, l’ulcère de Buruli et le développement économique. (A) La 

prévalence de la bactérie dans les sites aquatiques a été favorisée par des conditions spécifiques dans les 

écosystèmes stagnants et à débit lent (lentique) [30]. (B) Les schémas spatiaux et temporels de l’ulcère de Buruli 

(axe des y) ont été influencés par la prévalence environnementale de M. ulcerans (axe des x) [34]. (C) 

Augmentation des inégalités de richesse (axe des y) en fonction de l’incidence des BU (axe des x) et de la charge 

environnementale de M. ulcerans (gradient de couleur) [35]. 

 

Nous avons associé par modélisation mathématique ces dynamiques environnementales de M. 

ulcerans aux modèles d’incidence de l’ulcère de Buruli dans les populations humaines dans les deux 
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régions endémiques, ce qui a fourni la première preuve sur le terrain qu’une transmission 

environnementale à l’homme est susceptible de jouer un rôle plus important qu’une transmission 

vectorielle dans les zones endémiques, et suggéré que la charge environnementale de M. ulcerans 

pourrait prédire à l’avance les tendances temporelles et spatiales de l’incidence de l’ulcère de Buruli 

[34]. Afin de comprendre l’impact des écosystèmes à haut risque sur l’émergence des cas d’ulcère de 

Buruli et sur le développement économique des populations touchées, nous avons développé un 

modèle économico-épidémiologique qui incorporait un gradient de risque environnemental [35] et les 

disparités dans la vulnérabilité à l’ulcère de Buruli et dans l’accès au traitement en tant que fonctions 

des ressources économiques dans un modèle de maladie. Nous avons montré que, pour les maladies 

tropicales rares mais très invalidantes comme l’ulcère de Buruli, une combinaison de rétroactions 

environnementales et socio-économiques peut entraîner d’importantes inégalités au niveau de la 

population, avec des impacts disproportionnés sur les groupes socio-économiques les plus pauvres 

[35].   

Au cours de mon postdoctorat, j’ai continué à explorer le genre de cadres de modélisation intégrée 

que j’avais commencé avec l’ulcère de Buruli, mais avec des applications plus larges pour le contrôle 

d’autres maladies tropicales de la pauvreté. Grâce à une collaboration avec mon superviseur Matthew 

Bonds, Giulio de Leo (Université de Stanford) et d’autres modélisateurs de maladies infectieuses, nous 

avons adapté des modèles de pièges de pauvreté pour mieux comprendre comment les maladies dans 

un spectre différent de persistance environnementale pourraient affecter le succès des stratégies 

classiques de contrôle, et comment cela pourrait avoir un impact sur la dynamique économique au 

niveau de la population [13]. Nous avons montré que pour les maladies de transmission directe et 

celles transmises par l’environnement avec des nombres de reproduction de base comparables, le 

contrôle peut être plus efficace pour les maladies directement transmissibles grâce à des traitements 

médicaux périodiques. En plus de ce travail, une collaboration avec les chercheurs vétérinaires Cassidy 

Rist et Tom Gillespie (Université d’Emory) a permis à notre groupe d’adapter un cadre intégré similaire 

pour étudier comment les maladies du bétail peuvent avoir un impact sur la santé et la richesse des 

ménages ruraux pauvres, à la fois d’un point de vue théorique et empirique [43, 44]. Nos modèles 

suggèrent que les ménages peuvent perdre jusqu’à un quart de leur revenu mensuel dans les 

conditions de maladie locales existantes, ce qui plaide en faveur d’un soutien plus fort aux programmes 

vétérinaires qui ciblent les maladies courantes du bétail [44]. 

Surveillance et modélisation des maladies tropicales au niveau local  

La quantité croissante de données disponibles, en combinaison avec des méthodes robustes 

d’estimation spatio-temporelle de l’incidence des maladies et des taux de couverture des interventions 

peuvent éclairer les politiques de contrôle et leur mise en œuvre. Cependant, il existe un écart 

substantiel entre nos capacités d’analyse collective et l’utilisation de ces capacités pour résoudre les 

problèmes là où ils comptent le plus – dans les zones d’extrême pauvreté avec des charges de 

morbidité élevées. Pour que les approches de modélisation conduisent à des interventions efficaces, 

les relations entre les maladies et leurs facteurs de risque socio-écologiques observées a des grades 

échelles doivent rester aux résolutions spatiales fines pertinentes pour les acteurs de la santé publique 

qui mettent en œuvre les activités de contrôle. Mon travail depuis 2015 avec l’ONG Pivot dans le 

district d’Ifanadiana (Madagascar) m’a poussé à tenter d’adapter ces méthodes, qui sont courantes 

dans la recherche en écologie des maladies infectieuses, mais d’une manière qui peut être utile aux 

acteurs de santé travaillant à l’échelle locale. 
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Tout d’abord, avec Michelle Evans, doctorante à l’Université de Géorgie à Athens (laboratoire 

de John Drake) que j’ai supervisé lors d’un stage à Ifanadiana, nous avons exploré si les associations 

environnementales à grande échelle pour les maladies diarrhéiques étaient applicables en Ifanadiana 

pour aider à éclairer la mise en œuvre programmatique. Pour cela, nous avons utilisé plusieurs 

ensembles de données spatio-temporelles de maladies diarrhéiques infantiles dans le district 

d’Ifanadiana collectés au niveau du village et de la commune sur 5 ans [59]. Dans notre zone d’étude, 

seules les variables socio-économiques, qui ont de faibles signatures spatiales, étaient des prédicteurs 

importants des modèles spatiaux de la maladie. Nos modèles ont globalement mal fonctionné, ce qui 

limite leur utilisation opérationnelle pour le ministère de la Santé, Pivot ou d’autres acteurs de la santé 

à ces échelles. Malgré ces résultats, nous travaillons sur une cartographie et une modélisation précises 

de la santé au niveau local pour d’autres systèmes pathologiques, tels que le paludisme, afin de voir si 

l’incidence plus élevée, de meilleurs rapports et (probablement) des signatures environnementales 

plus fortes nous permettent de prédire de manière plus fiable la dynamique de la maladie. Cependant, 

cela nécessite des améliorations dans la précision et la résolution spatiale des données de surveillance 

de routine. Pour cela, avec Elizabeth Hyde, étudiante en médecine à l’Université de Stanford que j’ai 

supervisé lors d’un stage à Ifanadiana, nous avons utilisé un ensemble de données de patients géo 

référencées de près de 300 000 consultations et 75 000 cas de paludisme diagnostiqués dans les 

centres de santé du district sur quatre ans. Nous avons ajusté l’incidence du paludisme au niveau du 

village à l’aide d’un indice d’utilisation des soins de santé, que nous avons obtenu en suivant un modèle 

spatio-temporel précis des déterminants locaux de l’accès aux soins de santé [70]. À l’aide de multiples 

critères de validation croisée, y compris des comparaisons avec une cohorte longitudinale 

représentative du district, nous montrons que nos estimations sont moins sensibles aux barrières 

géographiques dans l’accès aux soins ou aux changements soudains dans l’accès financier en raison 

des programmes de gratuité des soins mises en place pendant la période d’étude [70]. Nous avons 

montré que la surveillance passive manquait environ 4 cas de paludisme sur 5 et ne détectait pas les 

« hotspots » spatiaux à forte transmission du paludisme dans le district. 

En ce qui concerne les travaux empiriques menés en Ifanadiana pour améliorer le contrôle local 

des maladies tropicales, j’ai continué à m’intéresser aux MTN, dans ce cas via l’étude des programmes 

d’élimination de la filariose lymphatique. En collaboration avec la responsable du Programme national, 

Holivololona Rabenantoandro et l’étudiante malgache M2 Estelle M. Raza-Fanomezanjanahary, nous 

avons réalisé la première enquête d’évaluation de la transmission en milieu scolaire (TAS en anglais) 

dans l’île, en plus de deux enquêtes communautaires simultanées chez les enfants et les adultes (~6 

000 personnes), afin d’évaluer la transmission de la filariose lymphatique dans quatre districts 

sanitaires du sud-est de Madagascar. Le TAS chez les enfants scolarisés est l’outil recommandé par 

l’OMS pour aider les programmes nationaux à décider où la distribution de masse de médicaments 

peut être arrêtée [72], mais la validité de leurs conclusions a rarement été évaluée. La multiplicité de 

ces enquêtes nous a permis de montrer que, bien que trois de ces districts étaient éligibles à 

l’interruption de la distribution de masse des médicaments sur la base des résultats du TAS, la 

prévalence chez les adultes est restée remarquablement élevée même après dix ans de distribution de 

masse des médicaments [74]. Notre étude a suggéré que des différences dans les stratégies de 

distribution et l’adhérence chez les enfants scolarisés et les adultes pourraient être à l’origine de ces 

résultats contradictoires. 
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Évaluation des interventions visant à atteindre la couverture sanitaire universelle  

Malgré l’importance des programmes verticaux pour contrôler ou éliminer des maladies 

particulières, les objectifs de développement durable (ODD) reflètent l’importance d’investir dans les 

systèmes de soins de santé primaires pour améliorer la santé de la population en mettant l’accent sur 

des approches sectorielles, telles que le renforcement des systèmes de santé (RSS) et la couverture 

sanitaire universelle (CSU). L’OMS a estimé que pour atteindre les ODD liés à la santé, près des trois 

quarts de tous les investissements supplémentaires requis pour les pays à revenu faible et 

intermédiaire au cours de la période 2015-2030 devraient être alloués au RSS, à la CSU et à d’autres 

approches sectorielles (figure 7), soit environ 300 milliards par an d’ici 2030 [77]. Un changement aussi 

radical des priorités exige une refonte profonde de l’évidence scientifique nécessaire et des 

méthodologies d’évaluation appropriées pour éclairer l’allocation et la mise en œuvre des fonds, car 

la base scientifique actuelle pour éclairer cette intégration horizontale est insuffisante [76, 78, 79]. En 

ce sens, l’un des principaux objectifs de mes recherches a été de développer des méthodes robustes 

de collecte des données et d’évaluation (observationnelles, quasi-expérimentales) en parallèle d’une 

intervention RSS-CSU mise en œuvre dans le district d’Ifanadiana. 

Mes recherches montrent que le faible accès aux soins de santé au départ de l’intervention RSS-

CSU en Ifanadiana était associé à des obstacles financiers et géographiques, et que la gratuité des soins 

mise en œuvre en 2014 a eu des impacts immédiats et importants sur l’utilisation des soins de santé 

primaires [93]. Les résultats des vagues ultérieures de la cohorte ont révélé des améliorations 

substantielles dans la recherche de soins et les inégalités économiques, deux objectifs centraux des 

politiques de CSU [94, 95]. De 2014 à 2018, la couverture a augmenté de plus de 4 % par année pour 

les soins des maladies des enfants et des adultes et pour les accouchements en centre de santé (figure 

8), même dans les groupes économiques les plus pauvres. Malgré l’amélioration de la zone 

d’intervention dans tous les indicateurs de couverture et de mortalité évalués, les différences avec le 

reste du district pour la couverture des soins maternels et les taux de mortalité de moins de 5 ans 

étaient modestes [94, 95]. Cela pourrait être associé à des inégalités géographiques persistantes dans 

l’accès aux soins observées dans la zone d’intervention au cours de la période d’étude. Nos résultats 

fournissent des preuves convaincantes des effets des interventions de RSS-CSU au niveau de la 

population, mais mettent également en garde contre les lacunes dans les soins qui peuvent persister 

à moins que les systèmes de santé ne renforcent adéquatement les programmes de santé 

communautaire pour les populations enclavées. 

Bien que l’augmentation de l’utilisation et de la couverture des soins de santé soit importante, il 

est essentiel d’assurer également la prestation de soins de haute qualité pour améliorer la santé de la 

population. En collaboration avec Camille Ezran, étudiante à l’Université de Stanford que j’ai 

supervisée pour son M2, nous avons examiné les changements dans le contenu des soins pour la mère 

et l’enfant au cours des deux premières années (2014-2016) de l’intervention RSS-CSU en Ifanadiana, 

en tant que proxy de la qualité des soins. À l’aide d’informations provenant d’enquêtes de la cohorte 

IHOPE ainsi que d’enquêtes « Service Availability and Readiness Assessments (SARA) » dans les 

établissements de santé, nous avons constaté que l’intervention entraînait une augmentation générale 

de la prestation des services santé recommandés par l’OMS, tels que les prescriptions de médicaments, 

les tests diagnostiques et les conseils [102]. Nous avons également cerné des lacunes précises dans la 

qualité des services offerts. Un autre déterminant clé de la santé de la population, outre la couverture 

et la qualité des interventions curatives, est la prestation d’interventions préventives telles que la 

vaccination des enfants. Sur ce front, j’ai travaillé avec Elinambinina Rajaonarifara, doctorante 
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malgache que je co-supervise avec Benjamin Roche (UMR MIVEGEC), pour évaluer comment le RSS 

peut aider à améliorer la couverture vaccinale, via ses impacts sur la vaccination de routine 

notamment. En utilisant des données au niveau du système de santé et de la population en Ifanadiana, 

nous avons montré que l’intervention RSS entraînait une augmentation des vaccinations de routine, 

ce qui entraînait une couverture vaccinale plus élevée, une réduction des inégalités économiques et 

une proportion plus élevée de vaccinations à temps [103]. Toutefois, les gains observés ont profité de 

façon disproportionnée à ceux qui pouvaient accéder le plus facilement aux services, ce qui a entraîné 

une persistance des inégalités géographiques dans la région qui ont empêché l’atteinte des objectifs 

de couverture internationale pour de nombreux groupes de population (figure 3). 

 

Figure 3. Prédictions pour atteindre les objectifs de couverture vaccinale pour différents groupes de population 

dans le district d’Ifanadiana. Prédictions de couverture vaccinale pour l’année 2018 dans chaque zone 

d’intervention, estimées à partir des modèles sur les données de la cohorte IHOPE 2014-2018 [103].  
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La géographie de l’accès aux soins de santé dans le cadre du soutien du RSS  

Un thème commun à la plupart de mes recherches à Ifanadiana a été la persistance des 

inégalités géographiques dans l’accès aux soins de santé malgré les interventions mises en place pour 

améliorer l’accès financier et la qualité des soins. En effet, un faible accès géographique aux soins de 

santé peut constituer un grand obstacle à la réalisation de la CSU, qui est censée rendre les services de 

santé accessibles et abordables « pour tous, partout ». L’utilisation des soins primaires diminue de 

façon exponentielle pour les populations vivant à une distance croissante des services de santé [64–

68]. Cette diminution d’accès liée à la distance est équivalente à l’effet des couts directs d’utilisation 

des soins [109], qui peuvent être réduits ou éliminés plus directement grâce aux politiques de CSU 

[104–108]. Il existe de nombreuses solutions potentielles pour améliorer l’accès géographique à 

différents niveaux de soins, mais elles nécessitent toutes une compréhension détaillée de barrières 

géographiques locales à l’accès aux soins de santé à chaque niveau de soins. Dans un contexte où des 

efforts RSS sont en place et visent à améliorer l’accès aux soins de santé pour tous dans le cadre des 

projets pilotes de la CSU de Madagascar, mes recherches à Ifanadiana se sont donc concentrées sur i) 

le développement de méthodes qui nous permettent de comprendre l’accès géographique aux soins 

avec suffisamment de précision pour être informatif sur les acteurs locaux de la santé, et ii) l’évaluation 

des stratégies potentielles ou actuelles pour réduire les barrières aux soins dans la population,  et 

comment ils affectent l’accès géographique. 

Tout d’abord, en collaboration avec la chercheuse postdoctorale malgache Felana 

Ihantamalala, nous avons développé de nouvelles méthodes pour obtenir des estimations très précises 

de l’accessibilité géographique aux soins en Ifanadiana afin d’aider Pivot et le ministère de la Santé à 

concevoir et à mettre en œuvre des interventions qui améliorent l’accès des populations enclavées 

[121]. Nous avons utilisé une approche participative sur OpenStreetMap pour cartographier plus de 20 

000 km de sentiers pédestres et 100 000 bâtiments afin de mesurer avec précision la distance aux 

établissements de santé et aux sites communautaires pour chaque ménage du district via l’outil Open-

Source Routing Machine (ORSM) (figure 4). Nous avons obtenu des estimations de temps de trajet 

correspondantes, paramétrées avec des centaines d’heures de travail sur le terrain et d’analyses de 

données de télédétection, et nous avons intégré tous ces résultats dans une plate-forme pratique d’e-

santé à l’usage des acteurs locaux. Nous avons montré que la proportion de la population d’Ifanadiana 

ayant un accès géographique limité aux établissements de santé est beaucoup plus importante que ce 

qui est généralement rapporté ailleurs [120]. En utilisant une approche similaire, nous avons recueilli 

des informations sur 70 000 km de déplacements motorisés par des véhicules de l’ONG (voitures, 

motos) en Ifanadiana afin d’obtenir des estimations du temps de référence (des centres de santé à 

l’hôpital, en véhicule motorisé) et du temps pré-hospitalier (en ajoutant le trajet à pied de chaque 

ménage du district au centre de santé le plus proche) [122]. Nous avons montré qu’environ 10% de la 

population vivait à moins de deux heures de l’hôpital et plus de la moitié vivait à plus de quatre heures. 

Si ces résultats locaux sont représentatifs des tendances plus larges pour l’Afrique subsaharienne, ils 

pourraient avoir des implications majeures pour les politiques internationales de santé qui tentent 

d’atteindre l’objectif que 80% de la population puisse accéder à un hôpital dans les 2 heures [124].  

Deuxièmement, bien que l’effet des obstacles géographiques à l’accès aux soins de santé ait 

été abondamment étudié et que la diminution dans l’accès aux soins de santé liée a la distance ait été 

caractérisée dans de multiples contextes [64–68], il existe peu de recherches sur la façon dont les 

changements dans le système de santé liées au RSS et CSU peuvent impacter la géographie de l’accès 

aux soins, laissant les politiques qui sont censées assurer l’accès pour tous être aveugles à leurs effets 
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sur les populations enclavées. Pour répondre à cette question, nous avons recueilli les lieux de 

résidence de près de 300 000 patients vus dans tous les établissements de soins de santé primaires du 

district entre 2014 et 2017 afin d’évaluer les changements spatio-temporels des taux de consultation 

au niveau fokontany (plus petit niveau administratif) à la suite de l’intervention RSS-CSU. Nos résultats 

montrent qu’en dépit d’un triplement des taux d’utilisation au cours de la période d’étude, l’utilisation 

a considérablement diminué au cours des 5 premiers kilomètres, même après le renforcement des 

centres de santé et la gratuité des soins. Cependant, combinées à des programmes de santé 

communautaire renforcés, ces politiques peuvent avoir des répercussions importantes sur la portée 

géographique du système de santé, car les soins des agents communautaires dans notre contexte ont 

permis aux enfants de moins de 5 ans d’atteindre au moins 2 consultations par année, quelle que soit 

leur distance aux centres de santé [125]. Nous avons également étudié comment la géographie locale 

peut limiter l’impact d’un programme de références hospitalières renforcé mis en œuvre dans le 

district, en termes de nombre de références complétés [122], montrant que dans notre contexte, le 

temps de référence est resté le principal obstacle limitant le nombre de références malgré les efforts 

du RSS. L’ajout de deux nouveaux centres de référence a été estimé à tripler la population vivant à 

moins de deux heures d’un centre avec une meilleure capacité de soins d’urgence et presque doubler 

le nombre de références attendues. Ensemble, nos études ont démontré comment les interventions 

RSS-CSU peuvent être optimisées pour l’accessibilité géographique à l’échelle locale. 

 

Figure 4. Estimation de la distance et du temps de trajet des ménages aux établissements de santé. (A) Montre 

un exemple illustratif des chemins les plus courts obtenus selon osrm, avec des prédictions pour la distance et le 

temps nécessaire pour atteindre l’un des SSP du district. (B) Affiche les cartes résultantes du temps de trajet pour 

tous les ménages du district d’Ifanadiana, qui varient de moins de 1 h (jaune) à plus de 5 h (brun) [121]. 
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Recherches futures 

Mes activités de recherche actuelles et futures s’appuient sur l’expérience que j’ai acquise au 

cours des dix dernières années et sur les mêmes principes qui ont influencé mon début de carrière 

scientifique. Au-delà d’un pathogène, d’une méthode de recherche ou d’un domaine d’étude 

particulier, je m’efforcerai d’élaborer un programme de recherche axé sur des solutions concrètes et 

qui aide à mieux comprendre des défis en matière de santé mondiale, à améliorer les services de santé 

sur le terrain ou les interventions destinés aux populations vulnérables, ainsi qu’à produire des preuves 

pour leur mise à l’échelle. J’essaie d’articuler cette vision à travers certains de mes principaux projets 

de recherche. Tout d’abord, j’élargis le travail que j’ai commencé sur la modélisation des maladies 

infectieuses et de l’accessibilité géographique, afin de produire des outils e-santé qui peuvent être 

utiles aux acteurs locaux et qui peuvent être étendus à d’autres zones géographiques (1. 

Développement d’outils e-santé pour améliorer les programmes de santé). Deuxièmement, je 

continuerai à effectuer des évaluations d’interventions verticales et horizontales, en mettant 

davantage l’accent sur les programmes de santé communautaire compte tenu de l’importance des 

barrières géographiques à l’accès aux soins à Madagascar et ailleurs (2. Évaluation de nouvelles 

interventions et politiques en matière de santé). Enfin, je profiterai de mon expérience de recherche 

sur les liens entre dégradation de l’environnement, pauvreté et santé humaine pour contribuer à des 

projets qui visent à opérationnaliser des approches « une seule santé » ou « santé planétaire » sur le 

terrain afin de réduire l’émergence et la transmission de zoonoses (3. Promotion et mise en œuvre des 

approches intégrées pour la santé planétaire). 

 

Figure 5. Représentation schématique de l’évolution de mon agenda scientifique. Elle montre mes trois 

principaux axes de recherche actuelle et future, ainsi que le lien avec les axes de recherche que j’ai développé 

au cours de ces 10 dernières années.  
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Développement d’outils e-santé pour améliorer les programmes de santé  

Tout d’abord, les approches qui combinent l’information sur les systèmes de santé, la 

télédétection et la modélisation des maladies infectieuses éclairent de plus en plus la planification 

nationale ou régionale pour un meilleur contrôle des maladies [127], mais leur application au niveau 

local, où les efforts d’intervention ont effectivement lieu, reste largement inexplorée [128]. Les travaux 

antérieurs que j’ai effectués à Ifanadiana m’ont permis de reconnaître cette lacune et de poser les 

bases pour commencer à résoudre ce problème grâce à une étude pilote sur le paludisme en 

collaboration avec Pivot. L’objectif du projet « SMALLER: Surveillance and control of malaria at the 

local level using e-health platforms » financé par l’ANR et dont je suis investigateur principal, est de 

développer des modèles statistiques et mathématiques de transmission du paludisme qui informent 

les principales caractéristiques de la mise en œuvre du programme, aidant à adapter les stratégies de 

surveillance et de contrôle au niveau communautaire. Pour cela, nous couplons, au niveau d’un district 

sanitaire, une surveillance épidémiologique précise des cas de paludisme, des informations 

satellitaires à haute résolution et des données socio-économiques, afin d’acquérir une bonne 

compréhension de la dynamique locale du paludisme. En tirant parti de l’intervention RSS-CSU de Pivot 

et des systèmes de collecte de données en place à Ifanadiana, nous pilotons des outils d’aide à la 

décision innovants et fiables en matière de lutte contre le paludisme qui peuvent être validés 

localement et étendus à l’échelle mondiale. Les objectifs spécifiques de ce projet sont les suivants : 1) 

estimer le fardeau non observé du paludisme au niveau communautaire pour améliorer la surveillance; 

2) intégrer des prévisions communautaires de la transmission du paludisme dans les flux de travail 

existants des agents communautaires dans le district d’Ifanadiana afin d’améliorer la mise en œuvre 

du programme; 3) mettre en œuvre des stratégies de lutte supplémentaires qui minimisent la 

transmission du paludisme, éclairées par des simulations de modèles de transmission. 

Deuxièmement, pour optimiser les interventions locales de lutte contre le paludisme ciblant 

les populations enclavées et améliorer leur accès aux diagnostics et aux traitements du paludisme, une 

compréhension très précise de la géographie locale est nécessaire pour identifier les populations ayant 

une faible accessibilité géographique aux établissements de santé, planifier des missions sur le terrain 

et optimiser les itinéraires des agents de santé communautaires s’ils font des soins proactifs, et des 

équipes mobiles lors des campagnes (sensibilisation, distribution des moustiquaires, etc.). Notre travail 

pilote à Ifanadiana sur l’accès géographique aux soins, où nous avons combiné la cartographie de 

précision avec de nouvelles méthodes de modélisation géographique et le développement d’outils e-

santé [121], a attiré l’attention d’organisations internationales telles que la President Malaria Initiative 

(PMI) de l’USAID, qui sont intéressées à étendre ces méthodes à d’autres parties de Madagascar dans 

le but d’informer la mise en œuvre d’interventions « dernier kilomètre » pour le paludisme. L’objectif 

du projet « Malaria remote populations (MRP): scaling tools for fine-scale geographic accessibility 

modelling in South Eastern Madagascar » financé par l’USAID-PMI et dont je suis l’investigateur 

principal, est d’étendre les travaux pilotés en Ifanadiana à cinq autres districts sanitaires de la région 

afin de développer des estimations très précises de l’accessibilité géographique aux soins. Comme 

précédemment, nous utiliserons une approche participative sur OpenStreetMap pour cartographier 

tous les sentiers, zones résidentielles et ménages dans les cinq districts afin de mesurer avec précision 

la distance aux établissements de santé pour chaque ménage de la zone d’étude. Nous obtiendrons 

des estimations de temps de trajet correspondantes, paramétrées avec des travaux de terrain et des 

analyses de télédétection à partir d’images satellites à haute résolution. Enfin, nous intégrerons les 

résultats dans une plateforme e-santé à l’usage des acteurs de santé locaux, régionaux et nationaux. 
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Évaluation de nouvelles interventions et politiques de santé  

Tout d’abord, compte tenu du succès des interventions de prise en charge communautaire des 

maladies infantiles visant à améliorer l’accès aux soins et à réduire la mortalité, l’expansion à tous les 

âges de la prise en charge communautaire du paludisme (mCCM en anglais) peut éliminer certains des 

obstacles à la recherche précoce de soins, y compris la distance géographique et le manque de temps 

et de ressources pour visiter l’établissement de santé le plus proche, mais l’efficacité de ces efforts 

n’est pas claire. L’objectif du projet « Évaluation de l’efficacité de la prise en charge communautaire 

des cas de paludisme (mCCM) pour tous les âges dans le district de Farafangana, Madagascar », financé 

par l’USAID-PMI et mis en œuvre en étroite collaboration avec le Ministère de la Santé et l’ONG Inter 

Aide, est d’évaluer si l’extension du mCCM à tous les âges augmente la proportion de personnes de 

tous âges qui sont testées pour le paludisme. La conception de ce projet pilote, pour lequel je suis co-

investigateur principal, est un essai randomisé en grappes avec deux bras (intervention et contrôle) se 

déroulant dans la circonscription de 30 établissements de santé (15 par bras) comprenant environ 500 

agents communautaires. Dans les deux bras, le système de santé communautaire est renforcé par des 

formations, des sensibilisations, des supervisions de routine et un soutien au système de gestion 

d’intrants. Les objectifs spécifiques de ce projet sont d’évaluer 1) si l’extension de la mCCM à tous les 

âges augmente la proportion de membres du ménage atteints de fièvre qui ont demandé des soins et, 

s’ils ont été testés positifs pour le paludisme, ont reçu un traitement avec un antipaludéen approprié, 

2) si l’extension de la mCCM à tous les âges réduit la prévalence du paludisme chez les enfants de 

moins de 15 ans, 3) si l’élargissement de la mCCM à tous les âges affecte la proportion d’enfants de 

moins de 5 ans atteints d’une maladie qui cherchent à obtenir des soins pour une pneumonie et une 

diarrhée, 4) l’acceptabilité de l’extension à tous les âges de la mCCM, par les membres de la 

communauté, les agents communautaires et les professionnels des centres de santé, et 5) les coûts et 

le rapport coût-efficacité de l’extension de la mCCM à tous les âges. Afin d’évaluer l’efficacité de 

l’intervention, une enquête transversale auprès des ménages avec un échantillon de 1 680 ménages 

(840 par bras) est réalisée avant l’intervention et 24 mois plus tard. De plus, des enquêtes qualitatives 

et des données du système de santé sont recueillies. L’extension du mCCCM à tous les âges faisant 

partie du Plan stratégique contre le paludisme à Madagascar 2018-2022, l’étude est mise en place en 

tant que projet pilote dans un district endémique avant une mise à l’échelle nationale par le Ministère 

de la Santé qui sera soutenue par l’USAID-PMI et le Fonds mondial si les résultats sont encourageants.  

Deuxièmement, je continuerai à élaborer progressivement un programme de recherche 

multidisciplinaire autour du RSS et la CSU qui éclaire le partenariat entre le Ministère de la Santé et 

l’ONG Pivot localement à Ifanadiana, fournit des leçons pour le gouvernement de Madagascar à 

l’échelle nationale, et génère des preuves scientifiques en santé mondiale sur le RSS, les politiques de 

CSU et les interventions de contrôle des maladies. Je dirigerai un ensemble de projets de recherche à 

Ifanadiana autour de trois sujets principaux: i) l’impact au niveau de la population du RSS et de la CSU: 

combinant les informations de la cohorte IHOPE avec les données du système de santé pour évaluer 

l’impact du RSS-CSU, avec une intervention qui s’étend géographiquement, évolue au niveau 

programmatique et s’adapte aux preuves produites par mon équipe de recherche. Compte tenu de la 

période plus longue, dans les analyses futures, j’évaluerai s’il y a des changements linéaires ou non 

linéaires dans les indicateurs de couverture des soins de santé, ainsi que l’impact de l’épidémie de 

COVID-19 sur les comportements de recherche de soins de santé; ii) équité géographique dans l’accès 

aux soins : je continuerai à développer de nouvelles recherches en géographie de la santé pour évaluer 

comment une bonne compréhension de la géographie locale peut influencer la prestation de soins de 
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santé à tous les niveaux du système de santé dans le district d’Ifanadiana (santé communautaire, soins 

primaires, hôpital). Par exemple, nous adaptons des algorithmes « traveling salesman » (tels que ceux 

utilisés par les entreprises de livraison à domicile) pour caractériser les itinéraires optimaux pour les 

soins proactifs afin de couvrir leur population et informer les besoins programmatiques en ressources 

humaines en fonction de la géographie; iii) l’analyse des systèmes de santé, l’éco-épidémiologie et la 

surveillance : combinant des informations environnementales (par exemple, la télédétection, la 

surveillance vectorielle), des informations de santé et socio-économiques sur la population, avec des 

modèles de transmission de maladies pour comprendre et prédire les dynamiques locales des maladies 

à Ifanadiana (au-delà du paludisme) et pour les intégrer dans des outils pour les agents de santé qui 

pourraient améliorer leurs activités.  

Promotion et mise en œuvre des approches intégrées pour la santé planétaire 

Il est maintenant reconnu que la santé des humains, des animaux et de l’environnement sont 

liés et que des cadres mondiaux d’étude et d’action (par exemple, « Une seule santé », « éco-santé » 

ou « santé planétaire ») sont nécessaires pour prévenir ou atténuer ces émergences. L’Initiative 

mondiale « Preventing Zoonotic Disease Emergence (PREZODE) » vise à promouvoir ce type 

d’approches globales dans la recherche opérationnelle afin de prévenir de futures pandémies. Je 

contribuerai à développer à Madagascar au cours des prochaines années l’un des premiers projets 

pilotes de l’initiative PREZODE financé par l’AFD dans cinq pays prioritaires. L’objectif du projet pilote 

de Madagascar (pour lequel je serai co-investigateur principal) sera de développer et de renforcer les 

capacités de surveillance des zoonoses prioritaires, telles que la fièvre du Rift et d’autres maladies à 

transmission vectorielle, ainsi que celles d’agents pathogènes provenant de la faune sauvage (par 

exemple, le hanta virus et le coronavirus), entre autres. Le projet, qui sera largement mis en œuvre 

dans le district d’Ifanadiana grâce au partenariat solide et aux connaissances que nous avons dans ce 

district, comprendra trois piliers principaux: (i) des activités de recherche permettant une meilleure 

compréhension, prédiction et gestion des facteurs de risque d’émergence zoonotique, (ii) la co-

construction d’écosystèmes résilients aux risques zoonotiques avec les acteurs locaux, et (iii) la mise 

en œuvre de stratégies de surveillance et de détection précoce adaptées aux contextes 

épidémiologiques et aux pratiques et perceptions des acteurs locaux. En bref, nous combinerons des 

études épidémiologiques avec des collectes sur le terrain pour identifier les agents pathogènes en 

circulation, les personnes à risque, l’exposition communautaire et les risques d’exposition. Cela 

permettra de sensibiliser la communauté à ces risques, et d’induire des changements dans les 

pratiques pour les réduire. Enfin, nous augmenterons la capacité des systèmes de surveillance déjà en 

place en intégrant la surveillance de la santé humaine, animale et environnementale au niveau 

communautaire afin de détecter rapidement les événements anormaux qui pourraient entraîner 

l’émergence de maladies. La portée opérationnelle du projet pilote à Madagascar signifie que le projet 

sera mis en œuvre grâce à une collaboration entre des institutions de recherche, des organisations non 

gouvernementales et des agences gouvernementales. 
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Abstract Host–parasite interactions are often embedded within complex host communities and

can be influenced by a variety of environmental factors, such as seasonal variations in climate or

abiotic conditions in water and soil, which confounds our understanding of the main drivers of many

multi-host pathogens. Here, we take advantage of a combination of large environmental data sets on

Mycobacterium ulcerans (MU), an environmentally persistent microorganism associated to

freshwater ecosystems and present in a large variety of aquatic hosts, to characterize abiotic and

biotic factors driving the dynamics of this pathogen in two regions of Cameroon. We find that MU

dynamics are largely driven by seasonal climatic factors and certain physico-chemical conditions in

stagnant and slow-flowing ecosystems, with an important role of pH as limiting factor. Furthermore,

water conditions can modify the effect of abundance and diversity of aquatic organisms on MU

dynamics, which suggests a different contribution of two MU transmission routes for aquatic hosts

(trophic vs environmental transmission) depending on local abiotic factors.

DOI: 10.7554/eLife.07616.001

Introduction
Despite increased understanding of infectious disease ecology and dynamics, recent decades have

seen an upsurge in the emergence and re-emergence of multiple infectious diseases (Jones et al.,

2008). Most emerging pathogens are zoonotic and have a very broad range of hosts (Woolhouse

et al., 2001; Woolhouse and Gowtage-Sequeria, 2005), and as a result, host–parasite interactions

are often embedded within complex host communities (Plowright et al., 2008; Roche et al., 2013b).

Biotic interactions between hosts in the community may play an important role on disease

transmission, either promoting or diluting the overall prevalence of the pathogen (LoGiudice et al.,

2003; Keesing et al., 2010; Johnson et al., 2013; Roche et al., 2013a). In addition, the effect of

seasonal variations in climate on abiotic conditions in water and soil can influence the composition of

host communities and in turn have an impact on the ecological dynamics of the pathogens
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(Ostfeld et al., 2008). Because of the intertwined nature of biotic and abiotic drivers, disentangling

their respective contribution to pathogen dynamics and transmission through complex and different-

scale processes remains a challenge (Plowright et al., 2008). Nonetheless, identifying the underlying

ecological mechanisms driving the emergence and persistence of diseases is essential to reduce

disease risk in human populations (Roche and Guégan, 2011).

An illustrative example is the case of Mycobacterium ulcerans (MU), an environmentally persistent

microorganism associated to freshwater ecosystems in tropical countries and present in a large variety

of aquatic hosts (Benbow et al., 2008;Marion et al., 2010; Garchitorena et al., 2014). From a public

health perspective, MU is the agent responsible for Buruli ulcer (BU), a devastating skin disease with

great health and socio-economic consequences in tropical and subtropical countries (WHO, 2008).

Emergence, distribution, and risk factors for BU in many parts of the world are associated with

stagnant and slow-flowing ecosystems (Brou et al., 2008; Wagner et al., 2008; Jacobsen and

Padgett, 2010; Marion et al., 2011). The environmental factors that favour MU persistence and

transmission within these ecosystems are still poorly understood but the environmental and multi-host

nature of the pathogen suggests that its environmental dynamics can be the result of a complex

interplay between environmental factors and biotic interactions (Garchitorena et al., 2014; Morris

et al., 2014).

MU is broadly present across taxa in aquatic communities over space and time (Benbow et al.,

2008; Marion et al., 2010; Garchitorena et al., 2014), suggesting that a multiplicity of hosts can play

a role in MU persistence in the environment. Biotic interactions between hosts are thought to be

a pathogen transmission route between organisms (Merritt et al., 2010), withMU being integrated in

the aquatic community from the environment thanks to filter feeder, herbivorous, and scavenger

organisms and then transmitted across the community through predation (Marsollier et al., 2002,

2007a, 2007b; Mosi et al., 2008). As a result, community-level factors such as biodiversity or

eLife digest Mycobacterium ulcerans is a slow-growing bacterium that causes a rare tropical

disease in humans called Buruli ulcer. The infection affects the skin and underlying tissues, initially

causing small painless lesions that can develop into large open sores or ulcers that are responsible

for significant handicap in rural areas of sub-Saharan Africa.

Disease outbreaks generally occur in close association with stagnant and slow-flowing aquatic

ecosystems, mostly after floods or other large environmental disturbances. It is believed that contact

with water sources that contain the bacteria causes infection in humans, but the specific mode of

transmission remains a mystery. By defining the factors that influence the bacteria’s presence in the

environment, public health officials could develop initiatives that would reduce an individual’s risk of

infection when conditions support a M. ulcerans outbreak.

To identify the environmental conditions that affect the prevalence of M. ulcerans in two regions

of Cameroon where Buruli ulcer is present, Garchitorena et al. have now analyzed a large amount of

ecological data about the bacteria using cutting-edge statistical techniques. This revealed that the

amount of M. ulcerans varies following seasonal changes in climate, at least in the region dominated

by tropical rainforest. In this region, the bacteria are also generally present in waters that are more

alkaline and contain fewer animals, especially from certain species that could prevent the infection

spreading to other aquatic hosts. In the other region, dominated by a savannah landscape, the

bacteria are most abundant in stagnant or slowly moving waters that have optimal physical and

chemical conditions and contain many diverse species of potential animal hosts. The discovery of

contrasting results for the two regions suggests that there are at least two ways that M. ulcerans can

persist in the environment and infect the aquatic animals. The prevailing method—through

environmental transmission or through interactions between hosts—depends on the properties of

the water.

Many other infectious diseases are caused by pathogens that, like M. ulcerans, infect many

different hosts and persist in the environment for long periods. Future research following methods

like those used by Garchitorena et al. would help to reveal whether these pathogens are affected by

environmental factors in similar ways to M. ulcerans.

DOI: 10.7554/eLife.07616.002
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abundance of aquatic organisms could drive the environmental load of MU through amplification or

dilution effects, as demonstrated for other pathogens (Ezenwa et al., 2006; Suzán et al., 2009;

Keesing et al., 2010; Johnson et al., 2013). Furthermore, some keystone species could play an

overwhelming role in the transmission and overall MU prevalence in host communities (Roche et al.,

2013a).

Some specific water conditions, physical or chemical, could also favour MU environmental

persistence and dynamics in aquatic ecosystems. MU seems to grow better under laboratory

conditions with low oxygen, high temperature, and mildly acidic pH (Portaels and Pattyn, 1982;

Palomino and Portaels, 1998; Palomino et al., 1998; Dega et al., 2000; Marsollier et al., 2004).

Genomic studies show that MU is sensitive to UV light (Stinear et al., 2007; Doig et al., 2012) so

turbid or protected environments could promote MU persistence. Many of these conditions are

generally met in swamps and other stagnant and slow-flowing ecosystems, and therefore, if optimal

abiotic conditions are met, MU could grow and persist in these ecosystems as free-living stages in the

water and infect aquatic organisms directly, without the need for a trophic transmission to take place.

Besides, numerous abiotic factors within aquatic ecosystems can influence host community structures

and assemblages (Eric Benbow et al., 2013; Garchitorena et al., 2014), since aquatic invertebrate

and vertebrate taxa have different ranges of optimal water conditions (Dickens and Graham, 2002).

This could represent an indirect influence of abiotic conditions on MU transmission within aquatic

communities.

A direct transmission of MU driven mostly by abiotic factors and a trophic transmission driven by

biological interactions are not two mutually exclusive routes but rather could complement each other

to allow persistence of MU under a wide range of environments. Identifying the contribution of such

transmission routes requires a deep understanding of the dynamics of MU within aquatic communities

through space and time. A recent characterization of MU dynamics with unprecedented detail in two

BU endemic areas with very distinct environmental conditions (Garchitorena et al., 2014) offers the

variability needed to address this question. Indeed, in Bankim, a region located in a transition zone

between forest and savannah, swamps had remarkably higher MU positivity, as initially expected,

whereas in Akonolinga, where rainforest is the prevailing landscape, all ecosystems had similar MU

positivity. These regional differences suggested that savannah swamps had unique favourable

conditions for MU that were not found elsewhere, but MU was still able to persist in unfavourable

environments. Furthermore, temporal fluctuations in MU presence in Akonolinga suggested

a potential role of seasonal climatic events as drivers of MU dynamics.

Relying on this work, the aim of this paper is to study for the first time the contribution of ecological

factors, both biotic and abiotic, to the dynamics of MU in the aquatic environment. More specifically,

we attempt to identify a set of abiotic conditions that could be optimal for MU growth and allow

direct transmission to aquatic organisms, likely in stagnant waters and, in the absence of these,

explore which biotic factors could still allow MU to persist, potentially through trophic transmission.

Insights into the ecological mechanisms allowing for MU growth and persistence over space and time,

while accounting for the potential impact of seasonal climatic events, may have profound implications

for understanding BU risk to human populations.

To address these questions, we model MU positivity in 32 aquatic communities over time with

generalized linear mixed models (GLMMs), including all relevant seasonal, abiotic, and biotic factors

as fixed effects. We use cutting-edge multi-model selection procedures and information theory to

identify and quantify the most important predictors of MU dynamics, using a genetic algorithm to

screen multiple models from all potential combinations of explanatory variables and making inference

from a set of weighted best-performing models. In addition, we back the results of this novel

approach, which deals with the uncertainty associated with model selection, by comparing them to

those obtained by classical model selection procedures. We then discuss the implications of

disentangling biotic and abiotic factors for host/parasite interactions and the importance of rigorously

analysing the underlying drivers of pathogen dynamics mediated through complex and different-scale

processes.

Results
By simultaneously accounting for multiple seasonal, abiotic, and biotic factors, our results show the

complex interplay that drives MU environmental dynamics. In a previous step to the statistical

modelling of MU positivity, we performed principal component analysis (PCA) of the most relevant
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physico-chemical characteristics in the water, as a means to explore common patterns in the

ecosystems and to include these PCs as alternative abiotic predictors in the model. The ecosystems

sampled and followed up in both Akonolinga and Bankim regions consistently revealed common

physico-chemical patterns depending on water flow (Table 1). The first PC, explaining about 50% of

variation in aquatic ecosystems in both regions, showed a positive correlation between water flow,

dissolved oxygen, and pH, while temperature was inversely correlated. Furthermore, the inverse

correlation between temperature and water flow held in the second PC, and the positive correlation

between water flow and oxygen was also present in the third PC. Using multi-model selection for our

GLMMs, a combination of seasonal factors, water conditions (abiotic factors), and community-level

characteristics (biotic factors) remained as important predictors of MU positivity in the final set of best

models for Akonolinga (Table 2) and Bankim (Table 3). Among all possible models tested, 39 were

selected for estimation of model average estimates in Akonolinga and 100 in Bankim, since these

models were similarly performing according to their Akaike Information Criterion (AIC) scores (see the

methodology section). Although all factors were included together as part of the full model, the

results explained below are divided in groups of factors for clarity. Furthermore, comparison of multi-

model inference results with those obtained by classical model selection procedures can be found in

Appendix 1, section 1.

Effect of seasonality on M. ulcerans
Seasonality was investigated by including sine and cosine functions as independent predictors of MU

positivity. The presence of MU in aquatic ecosystems in Akonolinga was associated to seasonal

variations with a single annual cycle as revealed by the positive effect of the sine function on MU (b =
0.36; 95% confidence interval (CI) [0.04, 0.67], wi = 1) and the presence of this variable in all best

models (Table 2). On the contrary, the seasonal effect in Bankim was not apparent, where only 4

months of collection were available, and none of the sine and cosine functions were important in the

final models for this region (Table 3).

Effect of abiotic conditions on M. ulcerans
Among all abiotic conditions, included in the models both as individual physico-chemical variables or

through their combined effect as PCs, pH had a significant positive effect in all best models in

Akonolinga (Table 2), either through the effect of component 2 that is directly correlated with pH (b =
0.49; 95% CI [0.21, 0.76], wi = 0.56) or as individual variable in the remaining models (b = 7.15; 95% CI

[2.56, 11.73], wi = 0.44). In Bankim, however, the most important abiotic factor was water flow

(Table 3). Lentic water bodies (low water flow) had significantly lower MU positivity than stagnant

waters (b = −1.80; 95%CI [−3.04, −0.56], wi = 1), and lotic water bodies (high water flow) had the

lowest MU positivity (b = −3.63; 95% CI [−5.35, −1.91], wi = 1). It is important to note that water flow

in most environments was directly correlated with pH, and thus each region provides contrasting

results for this abiotic factor.

Table 1. Description of environments defined by principal components analysis (PCA) of physico-

chemical parameters

Akonolinga Bankim

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Variance explained 0.47 0.31 0.14 0.09 0.59 0.22 0.13 0.07

Loadings

pH −0.33 0.7 −0.47 0.41 −0.51 0.51 −0.43 0.55

Dissolved oxygen −0.6 0.31 0.31 −0.67 −0.57 0.33 0.11 −0.75

Water flow −0.59 −0.32 0.46 0.59 −0.51 −0.29 0.72 0.36

Temperature 0.43 0.55 0.69 0.19 0.4 0.74 0.53 0.1

Separate PCA was performed for Akonolinga and Bankim, and only the most potentially relevant parameters were

included.

DOI: 10.7554/eLife.07616.003
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Effect of biotic interactions on M. ulcerans
The impact of aquatic communities on MU was studied through the effect of both individual aquatic

taxa and community-level factors such as abundance and diversity. In Akonolinga, we found

a negative association between total abundance and MU presence in all final models (b = −0.71; 95%
CI [−1.07, −0.35], wi = 1) and individual effects of several taxa. Individual taxa inversely correlated with

MU were Gastropoda in all models (b = −0.58; 95% CI [−0.92, −0.24], wi = 1) and Decapoda (b =
−1.10; 95% CI [−1.84, −0.35], wi = 0.59), Hemiptera (b = −0.54; 95% CI [−0.94, −0.13], wi = 0.54), and

Anura (b = −0.41, 95% CI [−0.73, −0.09], wi = 0.41), with lower importance in the final models

Table 2. Results from multi-model selection for Akonolinga (12 months of sampling)

Variable Avg. effect (b) Uncond. SE Lower CL Upper CL Relative importance (wi) Nb. models

(Intercept) 2.71 4.04 −5.21 10.63 1.00 39

Seasonality

Sine (2pi*Month/12) 0.36 0.16 0.04 0.67 1.00 39

Sine (2pi*Month/4) – – – – – –

Cosine (2pi*Month/12) – – – – – –

Cosine (2pi*Month/4) – – – – – –

Physico-chemical parameters

pH 7.15 2.34 2.56 11.73 0.44 17

Flow – – – – – –

Temperature – – – – – –

Dissolved oxygen – – – – – –

Conductivity – – – – – –

Iron – – – – – –

Physico-chemical parameters (PCA)

PC2 0.49 0.14 0.21 0.76 0.56 22

PC1 – – – – – –

PC3 – – – – – –

Community

Abundance −0.71 0.18 −1.07 −0.35 1.00 39

Shannon – – – – – –

Aquatic taxa (%)

Gastropoda −0.58 0.17 −0.92 −0.24 1.00 39

Oligochaeta (Presence) 0.40 0.28 −0.14 0.95 0.92 36

Odonata 0.08 0.15 −0.21 0.37 0.87 34

Hydracarina 0.19 0.29 −0.39 0.76 0.85 33

Trichoptera −0.01 0.16 −0.31 0.30 0.67 26

Decapoda (Presence) −1.10 0.38 −1.84 −0.35 0.59 23

Hirudinea (Presence) 0.48 0.26 −0.02 0.99 0.59 23

Coleoptera 0.24 0.20 −0.15 0.63 0.54 21

Hemiptera −0.54 0.21 −0.94 −0.13 0.54 21

Anura −0.41 0.16 −0.73 −0.09 0.41 16

Ephemeroptera 0.07 0.15 −0.21 0.36 0.21 8

Diptera −0.07 0.15 −0.38 0.23 0.10 4

Variables within each category are ordered by their relative importance. Variables with their 95% confidence interval (CI) with the same sign are

represented in bold. Rare aquatic taxa are introduced in the model as Presence/Absence variables, while relative abundance is used for more

abundant taxa.

DOI: 10.7554/eLife.07616.004
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(Table 2). Finally, the orders Oligochaeta, Odonata, and Hydracarina had a large importance in the

final models (wi > 0.80), but their effect on MU presence was not significant. Results for Bankim

revealed a significant positive effect in all models for Shannon’s diversity index (b = 4.29; 95% CI [1.93,

6.66], wi = 1) and nearly significant for total abundance (b = 0.86; 95% CI [−0.06, 1.79], wi = 1).

In addition, most taxonomic orders appeared in the final models for this region, but their effect was

unclear (Table 3). The estimates for taxonomic groups with a relative importance over 0.8

Table 3. Results from multi-model selection for Bankim (4 months of sampling)

Variable Avg. effect (b) Uncond. SE Lower CL Upper CL Relative importance (wi) Nb. Models

(Intercept) −13.98 4.13 −22.07 −5.89 1.00 100

Seasonality

Sine (2pi*Month/12) – – – – – –

Sine (2pi*Month/4) – – – – – –

Cosine (2pi*Month/12) – – – – – –

Cosine (2pi*Month/4) – – – – – –

Physico-chemical parameters

Water flow (lentic) −1.80 0.63 −3.04 −0.56 1.00 100

Water flow (lotic) −3.63 0.88 −5.35 −1.91 1.00 100

pH – – – – – –

Temperature – – – – – –

Dissolved oxygen – – – – – –

Conductivity – – – – – –

Iron – – – – – –

Physico-chemical parameters (PCA)

PC3 0.44 0.39 −0.33 1.21 0.07 7

PC2 0.34 0.41 −0.47 1.15 0.03 3

PC1 0.67 0.33 0.03 1.32 0.01 1

Community

Abundance 0.86 0.47 −0.06 1.79 1.00 100

Shannon 4.29 1.21 1.93 6.66 1.00 100

Aquatic taxa (%)

Gastropoda −0.39 0.30 −0.97 0.18 0.90 90

Anura −0.54 0.37 −1.26 0.19 0.89 89

Trichoptera −0.05 0.64 −1.30 1.20 0.89 89

Odonata −0.05 0.30 −0.63 0.53 0.87 87

Fish −0.89 0.56 −1.98 0.20 0.86 86

Coleoptera −0.04 0.35 −0.73 0.65 0.84 84

Diptera 0.70 0.49 −0.26 1.66 0.84 84

Hirudinea (Presence) −0.41 0.43 −1.25 0.44 0.69 69

Hydracarina −1.42 0.55 −2.50 −0.33 0.58 58

Decapoda (Presence) 1.76 1.23 −0.66 4.17 0.53 53

Hemiptera −0.07 0.33 −0.72 0.57 0.22 22

Oligochaeta (Presence) −0.02 0.48 −0.96 0.92 0.14 14

Ephemeroptera −0.84 0.25 −1.33 −0.35 0.13 13

Variables within each category are ordered by their relative importance. Variables with their 95% CI with the same sign are represented in bold. Rare

aquatic taxa are introduced in the model as Presence/Absence variables, while relative abundance is used for more abundant taxa. Results for lentic and

lotic ecosystems represent the decrease in MU respective to stagnant ecosystems.

DOI: 10.7554/eLife.07616.005
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(Gastropoda, Anura, Trichoptera, Odonata, Fish, Coleoptera, and Diptera) had considerable

uncertainty, with upper and lower CIs of opposite sign. The only two orders with a significant CI

were Hydracarina (b = −1.42, 95% CI [−2.50, −0.33]) and Ephemeroptera (−0.84; 95% CI [−1.33,
−0.35]), but their relative importance was relatively low (wi = 0.58 and wi = 0.13, respectively).

Discussion
Understanding how environmental factors influence host–pathogen interactions in complex natural

systems, where multiple feedbacks between biotic and abiotic factors take place, is especially

important in the context of multi-host and environmentally persistent pathogens. In this study, we

identify abiotic and biotic drivers that may promote or block MU transmission in aquatic communities

in two climatically distinct regions of Cameroon through a comprehensive multi-model selection

procedure. In Akonolinga, we show thatMU follows seasonal dynamics and is mainly present in waters

with higher pH and within low abundance communities, notably those with low abundance of

Gastropoda and other orders such as Decapoda, Hemiptera, or Anura. In Bankim, we show that MU is

most prevalent in stagnant ecosystems and those with low water flow, with highly diverse (and

abundant) communities.

A seasonal effect for MU presence in Akonolinga remains in our final models after accounting for

abiotic and biotic parameters in the water bodies, which also vary seasonally. This suggests that

seasonal fluctuations in MU presence might be directly related to climatic pressures (Figure 1).

Indeed, while the seasonal effect is not directly linked to rainfall dynamics (Pearson’s correlation test,

p = 0.45), it is highly correlated with the 3-month mean rainfall accumulation in the region (Current

month, plus two previous months; Pearson’s correlation test, p < 0.01). As a result, we propose that

the cumulative effect of rainfall over several months, increasing water levels in the environment either

boosts MU growth or washes it off from other environmental matrices (mud, soil, plants) to aquatic

ecosystems, as previously suggested from epidemiological evidence (Morris et al., 2014).

Furthermore, given the slow growth of MU (Palomino and Portaels, 1998; Stinear et al., 2007),

the 2-month delay between the peaks in the dynamics of rainfall and those of the seasonal effect could

Figure 1. Link between the seasonal effect for M. ulcerans and the rainfall dynamics in Akonolinga. (A) Represents

the monthly values for the seasonal effect (red), the mean rainfall for the period under study and the 3-month

cumulative rainfall (blue). (B) Shows a clear linear relationship between the values of the seasonal effect and the 3-

month cumulative rainfall. A graphical representation of the different seasonal effects tested can be found in

Figure 1—figure supplement 1.

DOI: 10.7554/eLife.07616.006

The following figure supplement is available for figure 1:

Figure supplement 1. Values for the different seasonal effects tested in the statistical models.

DOI: 10.7554/eLife.07616.007
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represent the time that takes MU to grow and/or be transmitted through the aquatic community once

the suitable habitats have been created. Unfortunately, the less frequent sampling in Bankim (only 4

months instead of 12) may have prevented to capture seasonal variations appropriately, explaining

the lack of associations with MU in this region.

Our results for Bankim support the hypothesis that, under certain circumstances, conditions in

stagnant and slow-flowing (lentic) bodies of water are favourable for MU presence. After controlling

for all the other abiotic and biotic factors, sites with stagnant waters in this area have higher MU

positivity than those with lentic waters (slow flow), and these have in turn higher positivity than sites

with lotic waters (faster flow). PCA on physico-chemical parameters of these ecosystems provides

some potential explanations (Figure 2). Sites with stagnant or lower water flows have higher

temperatures (PC1 and PC2) and most have lower oxygen (PC1) and lower pH (PC1), all of which seem to

promoteMU growth in experimental studies (Portaels and Pattyn, 1982; Palomino and Portaels, 1998;

Figure 2. Impact of water flow on physico-chemical characteristics of the water and M. ulcerans prevalence in aquatic communities (Bankim). (A) Links

between water conditions in the first two principal components obtained through principal component analysis (PCA). Comp.1, explaining more than 50%

of the variation in physico-chemical conditions in Bankim, reveals that ecosystems with lower water flows have less dissolved oxygen, more acidic pH, and

higher temperature. (B) MU positivity in each type of ecosystem as described by the first component of the PCA, which takes into account variations in all

physico-chemical characteristics (each category has equal number of points and increasing values of Comp.1). Stagnant ecosystems in Bankim have higher

MU positivity than lentic, and these have in turn higher MU positivity than lotic ecosystems. (C) Difference in values for the various water conditions in MU

positive and MU negative sites in Bankim. As a result of the association of water flow with the other physico-chemical conditions, similar patterns for MU

positivity can be observed for most abiotic conditions.

DOI: 10.7554/eLife.07616.008
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Palomino et al., 1998; Dega et al., 2000; Marsollier et al., 2004). Indeed, a previous field study

suggested that some water characteristics may be important for the presence of mycobacteria in water

and biofilms throughout the year (Hennigan et al., 2013).

While stagnant waters with lower pH contribute significantly to MU presence in Bankim, the results

for Akonolinga show a positive association between pH and MU in this region. Significantly lower pH

values in Akonolinga than in Bankim (t-test, p < 0.001) may be behind the disparity between the

model results for each region (Figure 3). Indeed, pH range for slow-growing mycobacteria has been

estimated between 5.8 and 6.5 (Portaels and Pattyn, 1982), which corresponds to the lower range of

pH in Bankim, associated with stagnant waters. Because in Akonolinga, this optimal range

corresponds to the upper range of values, stagnant waters with intolerably low pH might not

meet all the optimal conditions for MU growth, which would explain the lack of association with these

ecosystems (Garchitorena et al., 2014). The role of pH on MU growth in combination with other

Figure 3. Distribution of relevant biotic and abiotic variables for Akonolinga and Bankim. For the construction of histograms (A–D), the relative frequency

of the variable within each region is normalized by dividing each frequency by its maximum frequency. It can be noted that the distribution of pH is

radically different for both regions, with much more acidic pH in aquatic environments from Akonolinga. For the community composition (E and F), the

area an order has in the pie chart is proportional to the mean relative abundance of the order for all sites and months for each region. Only orders

representing more than 1% of the overall community are labelled.

DOI: 10.7554/eLife.07616.009
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abiotic conditions needs to be urgently assessed, since it might be an important limiting factor in the

environment.

Biotic interactions seem to have an important effect on MU positivity in the local aquatic

communities, especially in Akonolinga. Less abundant communities are associated with a reduction

of MU in this region, and individual taxa have an independent effect on MU. Higher relative

abundance of aquatic snails (Gastropoda), shrimps (Decapoda), water bugs (Hemiptera), and

tadpoles (Anura) is associated with reduced MU prevalence in the aquatic community. The

protective role of aquatic snails is supported by experimental infections, where MU has been unable

to grow within these organisms (Marsollier and Sévérin, 2004), but this is not the case for

Hemipteran water bugs, where MU can grow and even colonize their salivary glands after they have

fed on infected prey (Marsollier et al., 2002, 2005; Mosi et al., 2008). Even though water bugs can

host MU and allow its growth, they are voracious predators of aquatic organisms, and therefore, an

increase in water bugs in the community may result in a decrease of infected prey available to other

predators such as Coleoptera or Odonata; this could result in an overall reduction in MU positivity.

This is an example of how considering the full breadth of factors taking place in real ecological

systems can provide unexpected insights on this type of host–pathogen interactions. Furthermore,

differences in community composition may partly explain the different effects of biotic factors in the

two regions (Figure 3C–F). Total abundance in aquatic communities was significantly higher in

Akonolinga (Mann–Whitney test, p < 0.001), and the relative abundance of more than half of the

taxa included in our model was significantly different between Akonolinga and Bankim (Appendix 1,

section 2).

These different distributions of biotic and abiotic factors can nevertheless yield a hypothesis to

explain the contrasting results between the two regions. Indeed, two transmission routes, not

competitively exclusive, may coexist for MU colonization of aquatic organisms, through a trophic

transmission (Roche et al., 2013a) and/or a pathogen transmission through infection with free-living

stages present in favourable aquatic environments (Merritt et al., 2010). In our study, community

abundance has opposite effects in Akonolinga and Bankim, while water flow and pH suggest

contrasted influence of stagnant waters in these regions. These results could suggest that the

prevailing transmission modes could be different within these two environmentally distinct regions.

Transmission could be mainly environmentally mediated in Bankim, since stagnant waters, through

weak water flows and optimal physico-chemical conditions, are strongly associated with MU

presence. Furthermore, a lack of association of MU abundance with specific taxa in addition to

strong positive associations with host diversity and abundance under these favourable conditions,

suggests that infection probability in these environments is density dependent, a characteristic

feature of this type of transmission (Codeço, 2001). Conversely, in Akonolinga, trophic transmission

may be expected since optimal abiotic conditions are not met in stagnant ecosystems, and host

abundance has a negative impact on MU presence, suggesting that presence of some taxa, at least

Gastropoda and Hemiptera, can limit transmission in aquatic communities. These alternative

transmission routes proposed for MU to persist and thrive in aquatic ecosystems could partly

explain why BU distribution in humans is greatly associated with stagnant ecosystems but expands

over larger geographical regions (Brou et al., 2008; Wagner et al., 2008; Jacobsen and Padgett,

2010; Marion et al., 2011).

Our results demonstrate the complex interplay between abiotic and biotic factors driving the

dynamics of multi-host/multi-environment diseases. By studying and comparing savannah- and

rainforest-like regions, we provide a comprehensive ecological picture of MU, that is, a unified

framework that reconciles the many contrasting findings observed during the last decade that could

apply to a broader geographical area in the tropics and could help us understand the risk of BU for

human populations. This study provides a new illustration of emerging infectious diseases for which

further investigations looking for a ‘bigger picture’ are clearly needed in order to cope with the

complexity of local and regional environmental situations, and different-scale processes. Judging by

the number and importance of multi-host and environmentally persistent pathogens in the total

number of emerging infectious diseases appeared in the last four decades such hypotheses deserve

to be rigorously tested across multiple epidemiological systems and diverse local conditions. More

comprehensive environmental studies in other contexts are needed to assess the generalizability of

our findings.
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Materials and methods

Environmental data collection
Data were collected as described in Garchitorena et al. (2014). Briefly, between June 2012 and May

2013, periodic sampling in aquatic ecosystems was performed monthly in Akonolinga and every 3

months in Bankim, two regions in Cameroon where BU is endemic. Akonolinga health district is

located in the Centre Province, where rainforest is predominant all across the region. Bankim, on the

other hand, is a health district located in the Adamaoua Province, near the border with Nigeria, in

a transition zone between forest and savannah. In all, 32 water sites were selected (16 in each region),

including a large variety of streams, rivers, swamps, and flooded areas.

Aquatic macro-invertebrates and vertebrates
In each water body, four locations were chosen in areas of slow water flow and among the dominant

aquatic vegetation. At each location, five sweeps were done with a metallic dip net (32 × 32 cm,

1 mm mesh size) within a surface of 1 m2 and at different depth levels. All aquatic organisms collected

were identified, classified with the use of taxonomic keys and a binocular microscope, and put

separately into tubes with 70% ethanol.

Physico-chemical characteristics of water bodies
Quantitative measures of the water included turbidity (Secchi disc), pH, dissolved oxygen,

conductivity, and temperature (Multi 3430 with SenTix 940, TetraCon 925, and FDO 925 probes,

WTW, Germany). Measures with the probes were taken at 0.5 m depth and only stable values were

reported. Test strips for phosphates, iron, and sulfates (Merckoquant, Germany) were used to

measure specific ion concentrations near the sediment–water interface. Water flow was assessed

visually by measuring the speed of a floating object over the water surface.

M. ulcerans DNA extraction, purification, and detection
Aquatic organisms from the same site and month were pooled for qPCR analysis by groups belonging

to the same taxonomic group. At least six sample pools containing the most abundant taxonomic

orders were analysed per site and month. Pooled individuals were all ground together and

homogenized. DNA from homogenized insect tissues was purified using QIAquick 96 PCR Purification

Kit (Qiagen, France). Amplification and detection were performed by quantitative PCR of the gene

sequence encoding the ketoreductase B domain (KR) of the mycolactone polyketide synthase

(Rondini et al., 2003; Fyfe et al., 2007) and the GenBank IS2404 sequence (Rondini et al., 2003). At

least 10% negative controls were included during the purification and amplification steps for each

assay. Samples were considered positive only when both sequences were detected, with threshold

cycle values strictly <35 cycles (see Garchitorena et al., 2014 for details on pooling strategies and

PCR analysis).

Data analysis

Statistical model
The proportion of M. ulcerans positive sample pools at each sample collection (one site and month)

was modelled using binomial regressions in GLMMs (Zuur et al., 2009). Since repeated samples were

taken from the same sites at regular intervals during one year, we introduced the collection site as

a random intercept to control for within-site correlations. In this model, we studied the effect of

seasonality, physico-chemical characteristics of the water, and community composition (Table 4), all of

which were introduced as fixed effects without interactions.

Multi-model selection and inference
Multi-model inference is increasingly recognised as an alternative approach to the use of null

hypothesis testing (Burnham and Anderson, 2002; Grueber et al., 2011). This approach allows

exploring a comprehensive set of potential models obtained as a result of multiple combinations of

the explanatory variables. Instead of considering a unique final model, as is the case in classical

forward, backward, or stepwise model selection procedures, with multi-model selection, it is possible

to identify a set of ‘top models’ that can be ranked and weighted according to information criteria

such as AIC. Model averaging within this set of top models provides quantitative measures of each

variable’s relative importance (Akaike Weights, wi) and allows obtaining robust parameter estimates
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and addressing the uncertainty associated with them (Burnham and Anderson, 2002). This

methodology can be particularly appropriate in the study of complex ecological systems, where

multiple interactions take place, and the interest is in finding strong and consistent predictors of

a particular outcome. In our study, variables with a relative importance (wi) larger than 0.8 in these sets

of best models and with consistent sign (positive or negative) within the CI were considered to have

strong support as predictors of MU positivity (Calcagno, 2013).

Multi-model selection of GLMMs generated with the package ‘lme4’ (Bates et al., 2013) was

performed using the package ‘GLMulti’ (Calcagno, 2013) in R statistical software (R Development

Core Team, 2011), which uses a genetic algorithm to improve the efficiency of model selection.

Within the set of the 100 best models found, only those with an AIC within 2 units difference from the

Table 4. Description of explanatory variables from our environmental data set and their usage in the

statistical model

Variable Min Max Median Prop. zeros Prop. NAs Usage

Physico-chemical parameters

Temperature 20.9 30.2 23 0 0 – Raw

pH 4.5 7.1 5.5 0 0 – Log

Dissolved oxygen 0.01 7.6 2 0 0 – Log

Conductivity 10.2 110.6 22.7 0 0 – Log

Water flow 0 0.5 0.03 0.34 0.01 – Categorical

Turbidity 2 250 50 0.19 0.19 – Removed

Iron 0 10 – 0 0 – Categorical

Phosphates 0 250 – 0.07 0.07 – Removed

Sulphates 0 600 – 0.22 0.22 – Removed

Aquatic community

Abondance 46 10,591 686.5 0 0 – Log

Shannon 0.35 2.34 1.7 0 0 – Raw

Aquatic taxa (%)

Fish 0 0.32 0 0.32 0 Aquatic Log

Anura 0 0.54 0 0.33 0 Aquatic Log

Gastropoda 0 0.8 0 0.37 0 Aquatic Log

Bivalvia 0 0.13 0 0.91 0 Aquatic Removed

Araneae 0 0.3 0.01 0.01 0 Terrestrial Removed

Decapoda 0 0.59 0 0.68 0 Aquatic Dichotomous

Odonata 0 0.54 0.11 0.02 0 Aquatic Log

Ephemeroptera 0 0.78 0.16 0.03 0 Aquatic Log

Hemiptera 0 0.41 0.08 0 0 Aquatic Log

Trichoptera 0 0.19 0 0.35 0 Aquatic Log

Lepidoptera 0 0.12 0 0.44 0 Terrestrial Removed

Plecoptera 0 0.01 0 0.92 0 Aquatic Removed

Oligochaeta 0 0.18 0 0.69 0 Aquatic Dichotomous

Hirudinea 0 0.45 0 0.58 0 Aquatic Dichotomous

Coleoptera 0.01 0.94 0.1 0 0 Aquatic Log

Diptera 0 0.79 0.15 0 0 Aquatic Log

Hydracarina 0 0.11 0 0.31 0 Aquatic Log

Collembola 0 0.06 0 0.4 0 Terrestrial Removed

Cladocera 0 0.24 0 0.47 0.63 Aquatic Removed

DOI: 10.7554/eLife.07616.010
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best model were considered (Bolker, 2008). The package ‘AICcmodavg’ (Mazerolle, 2013) was used

to estimate model-averaged fixed effects, unconditional standard errors, and 95% CIs. In addition to

the set of models obtained using multi-model selection procedures as described above, we used

classical forward–backwards selection procedures to provide complementary information and to

strengthen the results obtained in this section (Appendix 1, section 1).

Hypotheses and use of variables

Effect of seasonality on MU
Several studies have reported seasonal variations in MU positivity, which could reflect an indirect

influence of climate mediated through temporal changes in abiotic conditions and abundance of

aquatic organisms, or a direct influence, mediated through wash-off of MU to the aquatic

environment or increased water availability. By including a seasonal effect in a model where temporal

changes in abiotic and biotic factors are taken into account, a significant independent effect of

seasonality would suggest a direct impact of climate on MU. Seasonality was included in the model

by transforming the month of collection with sine and cosine functions with different frequencies

(seasonality of 4 or 12 months), as previously described (Stolwijk et al., 1999; Christiansen et al.,

2012). Furthermore, the association of these seasonal functions with observed patterns of monthly

and cumulative rainfall in the region was investigated to provide a biological explanation to this

potential seasonal effect.

Effect of abiotic conditions on MU
Abiotic water conditions could have a direct effect on MU, allowing it to grow or persist as free-living

stages, or an indirect effect, through their influence on community composition. By including them in

a model that takes into account the impact of aquatic taxa on MU, a significant independent effect of

abiotic factors would suggest that these conditions are favourable to MU growth or persistence.

Physico-chemical characteristics of water bodies were log transformed when necessary to

approximate a Gaussian distribution (pH, dissolved oxygen, conductivity). We also transformed

water flow into a categorical variable with three levels, stagnant (0 m/s), lentic (0–0.1 m/s), and lotic

(>0.1 m/s). In addition to their individual effect, since several water characteristics correlate and define

specific environments, we performed a PCA (using the correlation matrix) on the most relevant

physico-chemical parameters (water flow, temperature, dissolved oxygen, and pH), and the loadings

of the three PCs were included in the analysis as explanatory variables in order to remove the co-

linearity between them. Finally, variables with more than 5% missing values (turbidity, phosphates,

and sulphates) were discarded in the multivariate analysis to allow for comparable AICs during model

selection.

Effect of biotic interactions on MU
The multi-host nature of MU implies that, through biotic interactions, individual taxa as well as

community-level factors could influence MU prevalence. By studying these factors in combination with

abiotic conditions, we can not only identify the most relevant ones but also gain insight into the

contribution of the two MU transmission routes previously described. For instance, a positive MU

association with community abundance or diversity in environments with favourable conditions would

be suggestive of density dependent or direct transmission. On the contrary, if trophic transmission

was the main transmission route, likely in environments with unfavourable conditions, MU could be

positively or negatively associated with host taxa depending on their competency. To study

community composition, we calculated total abundance and Shannon index (at the taxonomic order

level) for each aquatic community. Relative abundance of each aquatic taxon (taxon abundance/total

abundance) was also included. Since total and relative abundance of aquatic taxa were Poisson

distributed, these were log transformed to avoid problems related to the skewness of variable

distributions. Furthermore, the less abundant aquatic taxa (with more than 40% zero values) were

introduced as dichotomous variables, and we removed the very rare taxa (with more than 90% zero

values; essentially Plecoptera and Bivalvia). Semi-aquatic or terrestrial taxa collected during the

aquatic sampling (Lepidoptera, Araneae, Collembola) were not included either, since they are not

likely to play an important role in the aquatic community. Finally, the taxon Cladocera, with more than

5% missing values, was also discarded.
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Appendix 1

Section 1: backwards–forward model selection

The multi-model selection approach was chosen for its improved capabilities when compared

to standard selection approaches, since it allows accounting for and describing the uncertainty

in the parameters due to model selection. As a result, this approach and its results for each

region are described in the main text. In this section, we describe the methodology and results

of additional analyses using a classical forward–backward selection approach. We demonstrate

that this selection procedure gives comparable results to those from the multi-model selection

described in the main text.

Methodology
A combination of backward and forward procedures based on Akaike’s Information Criteria (AIC)

and likelihood ratio tests was used to select the final multivariate model. Firstly, all variables were

tested individually as fixed effects in univariate binomial regressions with the site of collection as

random effect. Those variables showing a significant effect were retained for an initial multivariate

model. A backward procedure was then applied on this initial model in order to select, one by

one, the variables that did not significantly improve the model (based on likelihood ratio tests)

and, among these, we dropped those variables that resulted in the model with the lowest AIC.

Secondly, a forward procedure was carried out by adding to this reduced model, one by one, all

variables that significantly improved the model (likelihood ratio test) and, among those, those that

resulted in the model with the lowest AIC. At each step, we checked whether the addition of the

new variable made others insignificant, in which case, we dropped those variables from the

model. The final model was obtained when no significant improvement could be achieved with

the addition of new variables. Violation of model assumptions was checked in the final models.

Colinearity was assessed through graphical exploration of explanatory variables, correlation tests,

and variance inflation factors (VIF) in the final model. Independence was assessed by studying the

spatial (correlograms) and temporal correlation (cross-correlations) of the model residuals.

Multivariate results
Similarly to the results obtained with multi-model selection, a combination of seasonal factors,

water conditions, and community composition remained in the final models for Akonolinga and

Bankim (Appendix table 1). Firstly, the effect of seasonality remained for Akonolinga after

accounting for water parameters and biological factors. Secondly, regarding water conditions,

pH had a significant positive effect on MU presence in Akonolinga, whereas in Bankim the

negative effect of water flow was evident, with lotic ecosystems being the least positive,

followed by lentic ones, which had significantly lower positivity than stagnant ecosystems.

Finally, the effect of aquatic communities through total abundance was significant and inversely

correlated with MU in Akonolinga, while in Bankim Shannon’s diversity showed a positive

correlation with MU presence. Individual taxa that remained significant and inversely correlated

with MU were Gastropoda, Decapoda, Hemiptera and Anura for Akonolinga; and Ephemer-

optera, fish, Diptera and Anura for Bankim. The only taxon positively correlated with MU in the

final model was Hirudinea in Akonolinga and Coleoptera for Bankim. In summary, the results

obtained from multi-model selection and classical model selection procedures were

qualitatively and quantitatively similar.
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Appendix table 1. Results of multivariate analyses for Akonolinga (12 months of sampling) and

Bankim (4 months of sampling)

Variable

Akonolinga (n = 183) Bankim (n = 61)

Effect Std. error p-value Effect Std. error p-value

Model AIC 400.7 – – 182.7 – –

Variance of random effect 0.20 – – 1.77 – –

(Intercept) −12.56 4.40 <0.001 −7.40 1.97 <0.001

Seasonality

Sine(2pi*Month/12) 0.34 0.14 0.02 – – –

Sine(2pi*Month/4) – – – – – –

Cos(2pi*Month/12) – – – – – –

Cos(2pi*Month/4) – – – – – –

Physico-chemical parameters

Temperature – – – – – –

pH 8.63 2.44 <0.001 – – –

Dissolved oxygen – – – – – –

Conductivity – – – – – –

Iron – – – – – –

Water flow (Lentic) – – – −2.10 0.47 <0.001

Water flow (Lotic) – – – −3.18 0.69 <0.001

Physico-chemical parameters (PCA)

PC1 – – – – – –

PC2 – – – – – –

PC3 – – – – – –

Community

Abundance −0.64 0.17 <0.001 – – –

Shannon – – – 4.16 0.97 <0.001

Orders (%)

Fish – – – −1.62 0.35 <0.001

Anura −0.34 0.14 0.02 −0.84 0.32 0.01

Gastropoda −0.64 0.16 <0.001 – – –

Decapoda (presence) −1.37 0.37 <0.001 – – –

Odonata – – – – – –

Ephemeroptera – – – −0.94 0.21 <0.001

Hemiptera −0.47 0.20 0.02 – – –

Tricoptera – – – – – –

Oligochaeta (presence) – – – – – –

Hirudinea (presence) 0.59 0.23 0.01 – – –

Coleoptera – – – – – –

Diptera – – – 1.08 0.36 <0.001

Hydracarine – – – −1.58 0.49 <0.001

The models used are Binomial regressions with random effect site, selected with forward–backwards procedure

(see section 1 for details).

DOI: 10.7554/eLife.07616.011
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Section 2: differences in communities in Akonolinga and

Bankim

In the main text, we justify the different results obtained for Akonolinga and Bankim partly

based on differences between the two regions, both in terms of physico-chemical parameters

and community composition (Figure 3). In Appendix table 2, we show the relative abundance

for each taxonomic group in each region and test for differences on the mean relative

abundance between the regions by using Mann–Whitney tests (also known as Wilcoxon rank-

sum tests).

Appendix table 2. Differences in community composition between Akonolinga and Bankim

Taxonomic group Relative abundance (%) Mann–Whitney test

Akonolinga Bankim

Mean SD Mean SD p-value

Fish 1.04 2.20 2.39 4.93 <0.001

Anura 2.56 6.62 2.08 6.73 0.009

Gastropoda 2.70 7.76 3.41 9.33 0.449

Bivalvia 0.19 1.08 0.00 0.03 0.016

Decapoda 5.36 12.37 0.90 2.78 0.010

Odonata 12.72 9.96 15.79 15.03 0.616

Ephemeroptera 21.77 17.22 15.56 14.74 0.010

Hemiptera 8.15 5.85 11.84 8.55 <0.001

Tricoptera 2.62 4.20 1.23 2.23 0.011

Hirudinea 1.29 4.76 2.63 7.31 0.005

Oligochaeta 0.64 1.94 0.67 2.11 0.291

Coleoptera 18.98 20.54 11.99 11.37 0.023

Diptera 17.58 14.23 23.69 16.25 0.004

Hydracarine 0.83 1.38 0.90 1.77 0.171

For each taxon included in the statistical model, the mean and standard deviation (SD) of the relative

abundance (%) for each region are given, along with the p-value of a Mann–Whitney test comparing the mean

relative abundance in the two regions.

DOI: 10.7554/eLife.07616.012
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Reducing the burden of neglected tropical diseases (NTDs) is one of the key

strategic targets advanced by the Sustainable Development Goals. Despite

the unprecedented effort deployed for NTD elimination in the past decade,

their control, mainly through drug administration, remains particularly chal-

lenging: persistent poverty and repeated exposure to pathogens embedded

in the environment limit the efficacy of strategies focused exclusively on

human treatment or medical care. Here, we present a simple modelling frame-

work to illustrate the relative role of ecological and socio-economic drivers of

environmentally transmitted parasites and pathogens. Through the analysis of

system dynamics, we show that periodic drug treatments that lead to the

elimination of directly transmitted diseases may fail to do so in the case of

human pathogens with an environmental reservoir. Control of environmen-

tally transmitted diseases can be more effective when human treatment is

complemented with interventions targeting the environmental reservoir of

the pathogen. We present mechanisms through which the environment can

influence the dynamics of poverty via disease feedbacks. For illustration, we

present the case studies of Buruli ulcer and schistosomiasis, two devastating

waterborne NTDs for which control is particularly challenging.

This article is part of the themed issue ‘Conservation, biodiversity and

infectious disease: scientific evidence and policy implications’.
1. Introduction
More than one billion people, most of them in tropical and subtropical countries,

still live in extreme poverty and suffer a disproportionate burden of neglected

tropical diseases (NTDs) [1,2]. NTDs consist of parasitic, viral and bacterial infec-

tions (table 1) that are responsible for chronic disabling conditions that account

for more than 500 000 deaths and nearly 57 million disability-adjusted life-years
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(DALYs) annually [4,5]. The availability of affordable and safe

drug treatments has led to declines in the prevalence of many

NTDs, with plans for the elimination of lymphatic filariasis,

onchocerciasis and trachoma by 2030 (table 1) [3,6]. Neverthe-

less, there is growing recognition of the limitations of

interventions focused exclusively on treating the human host

[3,7]. Most pathogens responsible for NTDs spend part of their

life cycle outside the human host and are transmitted through

environmental pathways (table 1), such that people may be

repeatedly exposed and infected [7]. Moreover, coverage targets

for mass drug administration (MDA) are hard to meet in the

context of weak healthcare-delivery systems and extreme

poverty, and drug resistance can threaten the long-term suc-

cess of control programmes [8]. Sustainably reducing the

burden of many NTDs requires complementary strategies to dis-

rupt disease transmission that are informed by a broader

understanding of interactions taking place in coupled natural–

human systems [9].

Here, we present a conceptual framework based on a simple

model to account for ecological and socio-economic drivers of

NTDs for designing context-specific control strategies. As

examples, we present the cases of Buruli ulcer and schistosomia-

sis, two NTDs associated with land-use change in hydrological

ecosystems, which represent different ends of the spectrum of

diseases for which transmission is highly dependent on the

environment (referred to hereafter as ‘environmentally trans-

mitted’). Buruli ulcer is caused by Mycobacterium ulcerans
which, like other ‘sapronotic’ pathogens [10], can be considered

ubiquitous and free-living within the environment (i.e. not

dependent on the level of infection within humans or any

other known host) in certain regions. It afflicts only a few thou-

sand people per year, but each case of infection can cause

permanent disability with catastrophic socio-economic effects

on households. Schistosomiasis, which is caused by Schistosoma
spp., is representative of a larger class of parasitic worms and

vector-borne pathogens whose presence in the environment

depends upon the local prevalence of infected people. Schistoso-

miasis infects hundreds of millions of people each year and is

responsible for a high burden of chronic morbidity globally.

Integration of ecological knowledge and socio-economic feed-

backs into a common framework can thus inform the most

effective action targets and lead to better interventions for

control of NTDs and other infectious diseases of poverty.
2. A framework for coupled ecological and socio-
economic determinants of disease

Economic systems of the rural poor are often coupled with

natural systems through subsistence-resource exploitation (e.g.

agriculture, pastoralism and fishing) and exposure to ambient

pathogens (figure 1) [11,12]. This is particularly relevant in

the tropics, where climatic conditions are favourable for

many pathogens and their vectors (e.g. flies, mosquitoes and

ticks), and the diversity of mammal and bird species hosts

a greater diversity of pathogens in this region [13–16].

Land-use change for the purpose of economic development

(e.g. expansion of road networks, dams and agricultural land

conversion) can further affect environmentally transmitted

parasites and pathogens through impacts on physicochemical

conditions of water and soil [15], ecological community compo-

sition (e.g. loss of biodiversity), or inter- and intra-species

interactions (e.g. predation and migration) [17,18].

http://rstb.royalsocietypublishing.org/
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Figure 1. Coupled natural and human systems: feedbacks between ecosystems, infectious diseases and economic development. Many human pathogens in tropical
regions, including those that cause NTDs, spend part of their lifecycle outside the human host, where environmental conditions drive their ecology and transmission
(upper panel). Ecosystem and disease dynamics influence key forms of capital necessary for economic development of at-risk human communities (lower panel).
Simultaneously, economic activities and resources affect those same dynamics by altering vulnerability to disease and introducing land-use change to ecosystems.
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(a) Model of environmental transmission of disease
Building on traditional systems in disease ecology and epi-

demiology [19–21], we first present a general infectious

disease model that accounts for direct and environmental

pathways of disease transmission. The model is meant to

represent the dynamics of NTDs and other tropical diseases

of poverty across a wide spectrum of transmission strategies,

spanning from human-to-human contagious diseases (e.g.

leprosy and trachoma) to parasitic worms (e.g. schistosom-

iasis), waterborne bacteria (e.g. Buruli ulcer), foodborne

pathogens (e.g. echinococcosis), vector-borne diseases (e.g.

dengue and malaria), or zoonotic and multi-host pathogens

(e.g. rabies and Nipah virus):

dI
dt
¼ ½bEW þ bDI�S–gI ð2:1aÞ

and

dW
dt
¼ Vþ VslI –dW: ð2:1bÞ

The state variables I and S represent the infected and sus-

ceptible proportions of the human population, respectively;

W is the environmental reservoir of the pathogen; bD is the

direct (human-to-human) transmission rate; bE is the trans-

mission rate through the environmental reservoir; g is the

rate of recovery (either into an immune class in an SIR model

or back to the susceptible class in an SIS model without

immunity); l is the rate or production of infectious propagules

released in the environment (either as free-living stages, such

as for soil-transmitted helminths, or pathogen abundance

in vectors or intermediate hosts); s is the fraction of the

propagules that reach the environment; V is a parameter pro-

portional to the abundance of vectors (in the case of dengue,

chikungunya, etc.), to the abundance of intermediate hosts
(in the case of trematode infections, such as schistosomiasis,

fascioliasis, etc.), or to habitat suitability for pathogen environ-

mental persistence (in the case of soil-borne or waterborne

diseases, such as intestinal nematode infections and cholera,

respectively); V is the recruitment rate of infective propagules

associated with exogenous processes not directly related to dis-

ease prevalence in the population; d is the mortality of

infectious stages in the environment. From this general frame-

work, we define two parameters (or ‘meta-parameters’) that

characterize the role of the environment on transmission:

1 ¼ bEW
bEW þ bDI

ð2:2aÞ

and

w ¼ V

Vþ VslI
: ð2:2bÞ

Parameter 1 is an index of environmental transmission

that ranges from zero for direct transmission (i.e. person-to-

person) to unity for complete environmental transmission

(i.e. pathogens with obligatory non-human hosts, reservoirs

or vectors). Parameter w represents the degree of exogenous

versus focal transmission among the environmentally trans-

mitted diseases (ETDs). It ranges from zero when the

abundance of infectious propagules in the environmental

reservoir is solely a function of the local number/fraction of

infected people, with no exogenous recruitment (V ¼ 0 and

l . 0), to unity when the pathogen’s environmental load

depends exclusively on its own free-living replication in the

environment or on other environmental factors (V . 0 and

l ¼ 0). ‘Sapronotic’ pathogens—those that can replicate

within the environment free of any known host (a characteristic

of almost all fungal pathogens, about one-third of bacterial

pathogens and several parasites that infect man [10])—have
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by definition w¼ 1, while directly transmitted diseases have, by

the nature of the close contact required for contagion, w! 0. For

other parasites and pathogens, for example, those that experience

intermediate levels of focal to exogenous transmission, the value

of w depends on the scale of analysis.

Figure 2 provides a simple qualitative description of

common infective agents in tropical regions according to their

transmission strategies based on parameters 1 and w. Many

pathogens responsible for mortality in developing countries

have low 1 and w, such as childhood diseases (measles and

whooping cough), respiratory infections (tuberculosis) or sexu-

ally transmitted diseases (HIV and syphilis). By contrast, for

most pathogens responsible for NTDs, environmental trans-

mission plays an important role (1! 1). The general model

described above, although difficult to parametrize in its simplest

form [19,22], can be used to explore conceptual differences in

dynamics and control strategies for a wide variety of pathogens

and transmission strategies. A heuristic illustration of such

insights is provided in figure 3, where we contrast the impact

of common strategies of disease control for directly transmitted

diseases (1 ¼ 0, w ¼ 0) and ETDs (1 ¼ 1, w! 1).

We show that for direct and ETDs with comparable basic

reproduction numbers R0 (i.e. number of secondary infections

caused by an infected individual introduced in a susceptible

population), control can be effectively achieved for directly

transmitted disease through periodic medical treatment. All

else being equal (i.e. in terms of the R0 of the disease and the

frequency and intensity of intervention), the same drug-

focused strategies can have a reduced efficacy for diseases

where the environmental reservoir plays an important role

(figure 3a,b). In the latter case, more effective control can be

achieved when classic treatment strategies are complemented

with interventions that act on the environmental reservoir of

the pathogen or reduce exposure (figure 3c). A detailed analy-

sis of this system of equations, the parametrization for the

presented simulations, and further explanations are provided

in the electronic supplementary material, Appendix S1.
(b) Feedbacks between poverty and disease in coupled
environment – human systems

Global patterns of poverty and disease have a strong geo-

graphic signature, indicative of underlying environmental

determinants (figure 4) [26,27]. Building on recent advances

in the modelling of coupled economic–epidemiological sys-

tems [11,28], we explore how the framework presented in

§2a can be integrated with existing models of disease-

driven poverty traps to understand the potential role of

environmental drivers. This integrated framework is based

on the intersection of the following empirical facts: (i) econ-

omic and environmental conditions are co-determinants of

NTDs, and (ii) NTDs have well-documented negative effects

on economic productivity, primarily through child develop-

ment, educational attainment and labour productivity

[1,27,29–31].

The effect of economic drivers on disease dynamics in a

particular system can be captured by transforming some

parameters in equations (2.1a,b) to be functions of per capita
income or wealth: i.e. bD ¼ bD(k), bE ¼ bE(k), V ¼ V(k), l ¼

l(k); where k is capital, which we define broadly as a stock

of economic resources used to produce income. For instance,

transmission rates (bD, bE) and environmental recruitment of

propagules (s and V) are generally decreasing functions

of capital k, because capital is necessary for prevention

measures that reduce disease transmission, such as systems

for water and sanitation, improved housing conditions or

protective clothing [4,5,7]. In addition, the recovery rate g ¼

g(k) is generally an increasing function of capital because

capital (or income generated from capital) is used for better

nutrition and accessing healthcare [32,33]. The relationship

of vectors V ¼ V(k) and the mortality rate of infective propa-

gules d ¼ d(k) with capital (k, or economic development) are

more context- and disease-specific [28].

The effects of disease on income can be captured by adding

capital as a third state variable, in the tradition of economic
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growth theory, to the infectious disease model [34,35]:

dk
dt
¼ rðIÞyðI,kÞ–dk, ð2:3Þ

where k is per capita physical or human capital; d is capital

depreciation rate; r is capital accumulation or savings rate,

which is negatively affected by disease I, and y ¼ y(I,k) is

per capita income, an increasing function of capital and a

decreasing function of disease prevalence in the population.

In coupled disease–economic systems [11,36,37], an

increase in prevalence of either directly transmitted (elec-

tronic supplementary material, Appendix S1; 1 ¼ 0) or ETD

(figure 5a–c; 1 ¼ 1) can trigger a sequence of cascading effects

that reinforce conditions of poverty. Lower capital in turn

fosters disease transmission (high b) and reduces recovery

(low g), ultimately creating a negative reinforcing cycle of

poverty and disease. A substantial reduction in disease preva-

lence can trigger the opposite sequence of cascading effects,

leading to a reinforcing cycle of better health, increased

labour productivity and capital accumulation. Therefore, dis-

ease–economic systems can, under some circumstances, be

characterized by bistability [11,36,37], where one locally stable

equilibrium is associated with low income and high disease
prevalence (i.e. a ‘poverty trap’) and the other equilibrium is

characterized by high income and little or no disease

(figure 5). The equilibrium outcome of either a poverty trap

or a virtuous cycle towards health and productivity, is contin-

gent on the history of the system and on specific ‘shocks’ in

economic and/or healthcare investments that might push the

disease–economic system from one basin of attraction to the

other [36]. In the case of ETDs, such as most NTDs, disease–

economic dynamics are highly influenced by the dynamics of

the pathogen in the environment (figure 5a–c). As a result,

the same strategies that could help break a disease-driven pov-

erty trap for directly transmitted diseases, might not be

sufficient for ETDs (figure 5d–f). Indeed, failure to act on the

environmental reservoir, despite administration of periodic

drug treatment, may prevent a sustained prevalence reduction

under the critical threshold that switches the basin of attraction

for ETDs, therefore perpetuating the poverty trap (figure 5d–f).
These models, which have not previously incorporated an

environmental component of disease transmission, have been

extended to include within-human population dynamics,

where bistability can occur on coupled epidemiological/

economic networks [34]. Even if diseases have low prevalence,

and no bistability, disease–economic feedbacks can lead to
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inequalities in cases of NTDs that cause lifelong disability [38].

Equations ((2.1)–(2.3)) therefore represent a simple modelling

framework capable of accounting for a continuum of alternative

infectious disease transmission pathways and socio-economic

drivers that can be extended to account for system-specific con-

texts. To illustrate the concepts introduced in our framework for

specific systems, we present in §§3 and 4, as case studies, recent

evidence on socio-economic impacts, environmental drivers

and ecological solutions for two NTDs with environmental

transmission (1 ¼ 1) at opposite extremes of the local-to-exogen-

ous transmission (w) axis in figure 2a. Buruli ulcer is a

debilitating disease caused by a waterborne mycobacterium

whose transmission to people depends on exogenous environ-

mental reservoirs (w ¼ 1). Schistosomiasis is caused by a blood

fluke, whose life cycle depends strongly on a transmission

loop from infected people to the local aquatic environment

(snails) and back to people (w ¼ 0 or close to zero).
3. Case study 1. Buruli ulcer: the need for
ecological and socio-economic insights
for disease control

Buruli ulcer, a devastating skin disease caused by the envir-

onmental pathogen Mycobacterium ulcerans, is probably one of

the least-studied of all recognized NTDs. Discovered in the

1960s, it has rapidly emerged in tropical and subtropical

countries and currently infects 5000 new people every year
[39]. Most of the disease burden concentrates in rural areas of

central and western Africa, where it presents a highly focal

distribution, even within endemic regions [39]. Although initial

stages of the disease (i.e. nodules, plaques and small ulcers)

can be treated with an eight-week antibiotic regimen, poor

access to healthcare in these areas frequently leads to catastrophic

disease progression [40,41]. One in four cases experience func-

tional limitations for life as a consequence of complications

associated with the later stages of the disease (i.e. extensive

ulcers, osteomyelitis) that require invasive surgery and lengthy

hospital stays [40,41]. These pathological problems have socio-

economic causes and consequences. Besides the enormous cost

of the disease episode itself, estimated at 25% of household

yearly income in Cameroon [42], handicap and deformity are

associated with significant stigma, social isolation, job loss and

school dropout [41,42]. Early detection and treatment of cases

can avert much of the unnecessary suffering [3]. Yet, for ETDs

like Buruli ulcer whose dynamics are driven by extrinsic environ-

mental factors (1! 1, w! 1, figure 2), our poor understanding

of the environmental mechanisms that drive pathogen ecologi-

cal dynamics and its transmission to human populations

undermines our capacity to prevent the disease.

Buruli ulcer is associated with aquatic ecosystems, and

M. ulcerans is found in water, mud, aquatic plants and fresh-

water insects from representative taxa of the whole aquatic

community [43]. The ubiquity of this multi-host environment-

ally persistent pathogen is exacerbated by the lack of safe

water in endemic rural areas, where daily activities, such as

bathing or washing, repeatedly expose people to infection
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[44,45]. Prevalence of the disease is concentrated near

swamps, flooded areas and along the basin of slow-flowing

rivers at low elevation. Land-use change due to agricultural

practices, deforestation, or the construction of dams and

roads have been correlated with the emergence of Buruli

ulcer endemic areas [43]. Recent advances in disease ecology

are shedding light on the conditions that favour environmental

persistence and growth of M. ulcerans, and drive its spatio-

temporal dynamics (W in equation (2.1b)). M. ulcerans thrives

in periods of intensive rainfall, and certain physicochemical

conditions of lentic ecosystems (i.e. low water flow, low

oxygen, mildly acidic pH, high temperature) may allow

persistence as free-living stages [46,47] (figure 6a). Under

unfavourable water conditions, trophic transmission between

aquatic hosts seems to ensure the presence of M. ulcerans in

the environment, independently of the infections in people,

which may explain the ubiquity of the pathogen in endemic

regions [46,47].

An ecological perspective can also provide new insights on

Buruli ulcer transmission. It is unclear whether direct entry into

the skin [43] or vector transmission through the bites of water

bugs [49] are major contributors to transmission. Ecological

studies recently provided the first field-based evidence that

environmental transmission to humans could play a greater

role than vector transmission (figure 6b) and suggested that
M. ulcerans’ environmental load could predict the temporal

and spatial patterns of Buruli ulcer incidence [48]. Integration

of this ecological understanding with known socio-economic

features of the disease in coupled economic–epidemiological

models (as shown in equations (2.1)–(2.3)) is helping to clarify

the economic consequences of land-use change through their

effects on Buruli ulcer [38]. These models show that in contexts

of high environmental risk, Buruli ulcer can cause economic

inequalities at the population level (figure 6c), with dispropor-

tionate impacts on the poorest socio-economic groups due to

disparities in vulnerability and healthcare access [38]. Thus,

the negative consequences of land-use change could fall dis-

proportionally on the poor. These studies represent an initial

step towards a more comprehensive understanding of Buruli

ulcer environmental risk, transmission and economics that

could lead to the implementation of novel control strategies.
4. Case study 2. Schistosomiasis: an ecological
solution for disease control and economic
development

Schistosomiasis is a debilitating disease caused by freshwater

trematodes of the genus Schistosoma and one of the most
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important NTDs based on number of people at risk (almost 800

million) and number infected (approximately 250 million)

[3,4,50,51]. More than 90% of infections occur in sub-Saharan

Africa, the vast majority of which occur in school-aged children

between 5 and 15 years old [5]. Infection occurs through

exposure to natural freshwater ecosystems in tropical areas

that are inhabited by obligate intermediate hosts of the para-

sites—snails of the genus Bulinus and Biomphalaria. The snails

become infected when people (or, in some case other vertebrate

hosts such as rodents or cattle) shed parasite eggs into the

environment through urine or faeces (1! 1, w! 0, figure 2).

People (or other vertebrate hosts) are infected when they

come into contact with waters containing infectious larvae

shed from snails. As with Buruli ulcer, exposure commonly

occurs through bathing, washing dishes, fishing or other

water-based daily activities. Infection with Schistosoma spp.

can trigger acute and chronic inflammatory processes such as

haematuria, scarring, calcification, squamous cell carcinoma

and occasional embolic egg granulomas in brain or spinal

cord (S. japonicum) as well as fever, hepatic egg granulomas,

fibrosis and portal hypertension (S. mansonii) [52]. Inflam-

matory processes lead to debilitation, stunted growth and

cognitive impairment in children, increased chances of acquir-

ing HIV in the case of urogenital schistosomiasis in women,

and may eventually lead to liver, lung or kidney failure. The

drug of choice for schistosomiasis, praziquantel, is cheap

(US $0.32 to treat a child [53]) and effective in removing para-

sites from infected people [52,53]. Yet, despite more than

US $1.4 billion spent in the past two decades on MDA

programmes in developing countries, prevalence and intensity

of infection have changed little compared with the pre-

praziquantel era [54]. This is because, after treatment, rural

villagers have few alternatives but to return to the parasite-

contaminated waters (figure 3), and parasitic loads in people

return to pre-treatment levels in as little as six months [55,56].

In Africa, the development of irrigation systems and the

construction of dams often lead to a further expansion

of the habitat of snails (an increase in parameter V in
equation (2.1b)), and hence new potential transmission sites

for schistosomiasis [57,58]. The construction of the Diama

Dam, built at the mouth of the Senegal River in 1986, is a

textbook case. Urinary schistosomiasis was endemic at very

low levels before the construction of the dam and intes-

tinal schistosomiasis was absent. The first new cases of both

intestinal and urinary schistosomiasis were reported about

1 year after the completion of the Diama Dam [59]. Following

two decades of exponential growth in the number of

infected people, the lower basin of the Senegal River has now

become a hyper-endemic region for schistosomiasis [59].

The construction of the Diama Dam not only led to an expan-

sion of good snail habitat—i.e. a year-around stable water

body at low salinity—but also decimated populations of the

migratory prawn, Macrobrachium vollenhovenii, a voracious

predator of snails [58,60,61]. The combination of increased

habitat for the snail population with the removal of a very

effective predator provided ideal environmental conditions

for Bulinus and Biomphalaria snails to thrive and amplify

schistosomiasis transmission.

A pilot study carried out in 2011–2014 provided support-

ive evidence that the reintroduction of the freshwater prawn

can reduce infected snails and significantly lower reinfection

rates in the human population [56]. Computer simulations

showed that the combination of MDA and prawn reintroduc-

tion can achieve results that neither of these approaches can

attain independently [56]. As prawns are a delicious food com-

modity with market value, the development of prawn

production through aquaculture could also alleviate hunger

and provide a source of revenue for local villagers, so

that prawn restoration could become an actionable ecological

solution leading to a mutually beneficial outcome for biodiver-

sity, schistosomiasis reduction, food production and income

[56]. An extended analysis of the geographical distribution of

dams and 24 marketable prawn species around the world in

areas where schistosomiasis is endemic [58] shows that

the removal of natural predators of schistosomiasis-bearing

snails might have occurred in many other places in addition
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to Senegal. The reintroduction of these predators, either

through ecological restoration or aquaculture, might protect

people from the risk of contracting schistosomiasis and could

complement drug-distribution programmes [58].
lsocietypublishing.org
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5. Discussion and Conclusion
While poverty, infectious disease, and environmental change

have been the subject of much independent investigation,

they are interlinked in complex ways that require integrated

study in order to meet key targets in the Sustainable Develop-

ment Goals [9]. Poverty and weak health systems arguably

pose the most important risk factors for acquiring and

succumbing to infectious diseases. Less recognized is the fact

that pathogens and parasites responsible for most tropical

diseases of poverty are predominantly transmitted through

environmental pathways and highly influenced by ecological

factors. Here, we describe a simple framework for studying

the complex relationships between poverty, infectious diseases,

and the environment. The aim of this framework is to help

investigate environmental drivers of joint poverty–disease

dynamics, with the ultimate goal of identifying sustainable

solutions for human and planetary health. Preliminary ana-

lyses illustrate the limited effectiveness of human drug

treatment for the control of ETDs, when compared with

directly transmitted diseases. Although the model cannot be

realistically parametrized for specific diseases in its simplest

form, this key conceptual difference highlights opportunities

for environmental interventions for disease control. By inte-

grating ecological dynamics into coupled disease–economic

systems, we show that the presence of persistent environmental

reservoirs of pathogens may affect both NTD prevalence

and poverty. Future research is needed to investigate how

interrupting environmental transmission cycles [3,7] can

complement current efforts to expand preventive and curative

services for the poorest groups [62,63] to break cycles of

poverty and disease.

Building on current ecological knowledge, cost-effective

interventions for disease prevention can be designed for

many infectious diseases of poverty [64–66]. Mosquito control

strategies are among the most widely recognized and exten-

sively deployed of these interventions [67]. In the absence of

an effective vaccine for malaria and caution against drug resist-

ance, the recent reduction in disease burden in sub-Saharan

Africa has been largely driven by the massive scale-up of

indoor residual spraying and long-lasting insecticidal nets

[67]. Other examples can be found for zoonotic diseases such

as Nipah virus, where the use of bamboo skirts provides a

physical barrier that prevents bats (the natural reservoir of

NiV) from accessing date palm sap, subsequently reducing

transmission to human populations [68,69]. The integration

of drug administration with basic infrastructure investments

in water, sanitation and hygiene (WASH) has been recognized

as a priority in the prevention and care for multiple NTDs,

along with improved living conditions, integrated vector con-

trol, health education and stronger health systems in endemic

areas [3,70]. Yet, the immediate investment costs of infrastruc-

ture development hinder the implementation of WASH and

similar interventions, leaving drug treatment as the main con-

trol strategy for most NTDs. For sapronoses, whose presence in

the environment is independent of human infections, such as

fungal and waterborne bacterial infections (e.g. Buruli ulcer),
more research on environmental drivers will help identify

transmission hot spots, contribute to early detection of cases,

and inform prevention strategies [46,48]. For ETDs with

well-known ecological drivers, such as trematode and vector-

borne infections (e.g. schistosomiasis), control strategies

based on natural enemies of pathogens or their wildlife

hosts/vectors could represent sustainable ecological solutions.

A recent analysis of a century of schistosomiasis control

programmes [54] showed that, before the availability of the

anti-parasitic drug praziquantel, successful elimination was

achieved via interventions that directly targeted the snail inter-

mediate host [54,71]. Supportive evidence [56,58,60] suggests

that freshwater prawns may reduce disease transmission

through predation on schistosomiasis-bearing snails. More

research is needed to identify what other natural enemies of

parasites or of their wildlife hosts could be successfully har-

nessed to achieve a better control of disease transmission

[72,73]. While broadly used for integrated pest control in agri-

culture, such ecological strategies have received little attention

in the literature of human infectious diseases. Despite showing

promising results in the fight against malaria and other vector-

borne diseases, environmental strategies to complement

medical approaches still remain poorly developed and under

recognized [74].

The many dimensions of the Sustainable Development

Goals and an increased attention to the interdependence

of human wellbeing and the Earth’s provisioning of eco-

system services, have recently expanded the focus of the

global health community into the new scientific movement

of Planetary Health [9]. While this movement reflects a

wide consensus on the threats and challenges currently

faced by human populations and natural systems, we still

lack actionable solutions that cost-effectively leverage our

understanding of the ecology of disease transmission to

break the reinforcing cycles of poverty, environmental

change and disease. To make the Planetary Health concept

actionable, research efforts can help identify specific keystone

systems for developing and deploying ecological interventions

that influence both poverty and disease.
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Abstract

Background
In order to reach the health-related Sustainable Development Goals (SDGs) by 2030, gains
attained in access to primary healthcare must be matched by gains in the quality of services
delivered. Despite the broad consensus around the need to address quality, studies on the
impact of health system strengthening (HSS) have focused predominantly on measures of
healthcare access. Here, we examine changes in the content of maternal and child care as
a proxy for healthcare quality, to better evaluate the effectiveness of an HSS intervention in
a rural district of Madagascar. The intervention aimed at improving system readiness at all
levels of care (community health, primary health centers, district hospital) through facility
renovations, staffing, equipment, and training, while removing logistical and financial barri-
ers to medical care (e.g., ambulance network and user-fee exemptions).

Methods and findings
We carried out a district-representative open longitudinal cohort study, with surveys admin-
istered to 1,522 households in the Ifanadiana district of Madagascar at the start of the HSS
intervention in 2014, and again to 1,514 households in 2016. We examined changes in
healthcare seeking behavior and outputs for sick-child care among children <5 years old, as
well as for antenatal care and perinatal care among women aged 15–49. We used a differ-
ence-in-differences (DiD) analysis to compare trends between the intervention group (i.e.,
people living inside the HSS catchment area) and the non-intervention comparison group
(i.e., the rest of the district). In addition, we used health facility–based surveys, monitoring
service availability and readiness, to assess changes in the operational capacities of
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facilities supported by the intervention. The cohort study included 657 and 411 children
(mean age = 2 years) reported to be ill in the 2014 and 2016 surveys, respectively (27.8%
and 23.8% in the intervention group for each survey), as well as 552 and 524 women (mean
age = 28 years) reported to have a live birth within the previous two years in the 2014 and
2016 surveys, respectively (31.5% and 29.6% in the intervention group for each survey).
Over the two-year study period, the proportion of people who reported seeking care at
health facilities experienced a relative change of +51.2% (from 41.4% in 2014 to 62.5% in
2016) and −7.1% (from 30.0% to 27.9%) in the intervention and non-intervention groups,
respectively, for sick-child care (DiD p-value = 0.01); +11.4% (from 78.3% to 87.2%), and
+10.3% (from 67.3% to 74.2%) for antenatal care (p-value = 0.75); and +66.2% (from 23.1%
to 38.3%) and +28.9% (from 13.9% to 17.9%) for perinatal care (p-value = 0.13). Most indi-
cators of care content, including rates of medication prescription and diagnostic test admin-
istration, appeared to increase more in the intervention compared to in the non-intervention
group for the three areas of care we assessed. The reported prescription rate for oral rehy-
dration therapy among children with diarrhea changed by +68.5% (from 29.6% to 49.9%)
and −23.2% (from 17.8% to 13.7%) in the intervention and non-intervention groups, respec-
tively (p-value = 0.05). However, trends observed in the care content varied widely by indica-
tor and did not always match the large apparent increases observed in care seeking
behavior, particularly for antenatal care, reflecting important gaps in the provision of essen-
tial health services for individuals who sought care. The main limitation of this study is that
the intervention catchment was not randomly allocated, and some demographic indicators
were better for this group at baseline than for the rest of the district, which could have
impacted the trends observed.
Conclusion
Using a district-representative longitudinal cohort to assess the content of care delivered to
the population, we found a substantial increase over the two-year study period in the pre-
scription rate for ill children and in all World Health Organization (WHO)-recommended peri-
natal care outputs assessed in the intervention group, with more modest changes observed
in the non-intervention group. Despite improvements associated with the HSS intervention,
this study highlights the need for further quality improvement in certain areas of the district’s
healthcare system. We show how content of care, measured through standard population-
based surveys, can be used as a component of HSS impact evaluations, enabling health-
care leaders to track progress as well as identify and address specific gaps in the provision
of services that extend beyond care access.

Author summary

Why was this study done?

• One of the largest contributors to preventable deaths in low- and middle-income coun-
tries is poor quality of care delivered by the public health system. Yet, given the multiple
dimensions of care quality, there are currently no standard measures to evaluate impacts
in this domain.
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• While health system strengthening (HSS) initiatives strive to simultaneously increase
access to healthcare and improve care quality, few studies have evaluated the impact of
HSS initiatives on both targets. Our study sought to determine whether an HSS inter-
vention in a rural health district of Madagascar, one of the world’s poorest countries,
improved the quality of maternal and child care at the population level.

What did the researchers do and find?

• We used data from a district-representative open longitudinal cohort that followed over
1,500 households between 2014 and 2016, in order to compare trends in the content of
care as a proxy for care quality, inside and outside the intervention catchment, through
difference-in-differences analyses. We also analysed data from a Service Availability and
Readiness Assessment (SARA) conducted in health facilities supported by the HSS
intervention.

• Our data set included self-reported information on health seeking behaviors and care
content for common illnesses of children under five (n = 657 in 2014; 411 in 2016), and
for maternal care before and during live births that occurred in the previous two years
(n = 552 in 2014; 524 in 2016).

• We found that compared to the non-intervention group, the intervention group experi-
enced a larger improvement in most care content outputs for childhood illnesses (e.g.,
24.4% more children with diarrhea were prescribed oral rehydration therapy after two
years than in the non-intervention area) and for perinatal care, whereas trends in ante-
natal care content were more similar in both populations.

• Despite progress, there remained important gaps in the provision of essential health ser-
vices for individuals in both the intervention and non-intervention groups.

What do these findings mean?

• The study provides evidence that HSS initiatives can successfully increase access to
healthcare in target populations while also improving the quality of certain primary care
services provided.

• The approach used here can be adapted to other local HSS initiatives to stimulate more
comprehensive impact evaluations.

• Evidence from this study can help guide investments in integrated primary care systems
that are needed globally to improve maternal and child care.

• The interpretation of the study findings is limited by the absence of randomization in the
allocation of the intervention’s programs and by the reliance on self-reported answers.

Introduction
The advent of the United Nations Sustainable Development Goals (SDGs) in 2015 bolstered a
global commitment towards achieving universal health coverage (UHC) for all populations by
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2030 through strengthened primary care [1,2]. As the 40th anniversary of the Declaration of
Alma-Ata for UHC was recently celebrated [3], an estimated 60% of the world’s population
has access to quality essential healthcare services, medicines, and vaccines, as well as financial
risk protection [4]. Although achieving UHC for the remaining approximately 3 billion people
in the next decade will require substantial investment [5], recent progress in several low- and
middle-income countries such as Cambodia and Rwanda suggests that this ambitious goal is
within reach [6]. Their gains in health coverage have been attributed in large part to reductions
in financial barriers and sustained investments to strengthen the health system across the
entire continuum of care [7,8].

In an effort to promote evidence-based models of health system strengthening (HSS) that
can be scaled up nationwide and across borders, the global health community has urged for
more rigorous evaluation of the impact of such interventions [9,10]. While past studies evalu-
ating HSS initiatives predominantly focused on measures of access to healthcare (“care seeking
behavior” or “coverage”), it is now evident that improving access alone is not sufficient to
achieve the health-related SDGs [11–13]. There is growing recognition that measuring care
quality is necessary to more comprehensively assess an intervention’s effectiveness in improv-
ing population health outcomes [14–17].

The Lancet Global Health Commission on High Quality Health Systems defines 10 essential
components of high-quality health systems, including better health outcomes, competent care,
positive user experience, and governance (S1 Appendix) [10]. Given the number of contribu-
tors to effective healthcare, there are dozens of possible measurable outcomes to evaluate care
quality impacts of HSS interventions, ranging from measures of population health outcomes
(e.g., disease incidence rates, mortality rates) to more targeted indicators (e.g., care provider
performance assessments, vaccination rates) [18–21]. However, such indicators of care quality
currently lack standardization, limiting the ability to compare across studies and produce gen-
eralizable conclusions [10,22].

The term “content of care” refers to the activity outputs of an intervention, including the
medications prescribed, diagnostic tests performed, and counseling provided to patients [18].
Determining the rate of healthcare outputs, such as the provision of recommended diagnoses
and treatments, helps assess an aspect of care quality (competent care) in a manner that is
quantifiable, objective, and applicable to a variety of diseases and conditions. While there have
been increasing efforts in recent years to understand content of care in low resource settings
[23–26], the integration of this measure in impact evaluations of HSS interventions using pop-
ulation-level data remains scarce [7].

We evaluate the impact of an HSS intervention on the content of care delivered to a target
population in rural Madagascar. Madagascar is one of the poorest countries, with among the
lowest per capita healthcare spending in the world [27]. Consequently, the public health sys-
tem lacks resources to ensure appropriate service provision to its population of 27 million. As
of 2012, there were approximately 3.6 physicians, nurses, and midwives per 10,000 people [28],
one tenth of the minimal threshold density (34.5 per 10,000) considered necessary to achieve
high coverage for essential health services [29]. That same year, the national maternal, under-
five, and neonatal mortality rates were 478/100,000 live births, 62/1,000, and 26/1,000, respec-
tively [30]. In 2014, the nongovernmental organization PIVOT partnered with Madagascar’s
Ministry of Health (MoH) to create a model health system within the government district of
Ifanadiana through strengthening the existing public healthcare system with improving facility
readiness, clinical programs, and integrated data systems at all levels of care [31,32].

We build on a previously published evaluation that revealed rapid increases in care seeking
behavior to health centers and decreases in neonatal and under-five mortality rates associated
with the HSS intervention [33]. Using the same district-representative longitudinal cohort
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study [34], we examine changes in the content of care provided to the population over the same
period. We focus on three areas of healthcare that have a demonstrated impact on maternal and
child mortality rates: sick-child care (<5 years old), antenatal care, and perinatal care [35,36]. In
addition, we assess changes in the level of service availability (the physical presence of services)
and readiness (the components required to provide services)—measures necessary for the pro-
vision of quality care [37]—in primary health centers supported by the PIVOT-MoH initiative.
By evaluating changes in content of care at the population level, we thus deepen our under-
standing of the impact of an HSS intervention in a way that weighs accessibility and quality as
complementary components of effective healthcare delivery.

Methods
Study intervention
Since 2014, PIVOT and Madagascar’s MoH have collaborated to design, implement, and assess
an HSS intervention in the southeastern district of Ifanadiana (Fig 1) as a model healthcare
delivery system for the country [31,32]. In the first two years of the intervention, the PIVOT--
MoH partnership primarily focused on a catchment area that included 4 out of the district’s 13
communes, encompassing approximately one third of the 200,000 people living in Ifanadiana.
This initial intervention area contains the district’s sole hospital and four of its primary health
centers. The choice of the catchment area was done according to logistical and programmatic
reasons, and there was no randomization of communes involved. Guided by the World Health
Organization’s (WHO) framework for functional HSS [9], the partnership targeted all three
levels of care governed by the MoH in the catchment area (community health, primary health
centers, district hospital) [32]. In brief, to improve readiness, PIVOT-MoH renovated, staffed,
and equipped the hospital and health centers located in the catchment area since mid-2014, as
well as initiated a community health program in a subset of the catchment’s remote villages by
November 2015. In addition, the partnership sought to remove logistical and financial barriers
to medical care by creating an ambulance network and removing fees for commonly pre-
scribed medications for all patients [38]. PIVOT-MoH also implemented WHO’s Integrated
Management of Childhood Illness (IMCI) guidelines [39] and national guidelines for the treat-
ment for severe acute malnutrition, as well as had social workers at health facilities for the
accompaniment and follow-up of vulnerable patients. Details on the intervention are available
in S1 TIDIER checklist using the Template for Intervention Description and Replication
(TIDieR) [40].

During this period, two independent groups implemented complementary health programs
in the Ifanadiana district. The World Bank–funded Emergency Support to Critical Education,
Health and Nutrition Services (PAUSENS) project created a basic package of health, nutrition,
and reproductive health services in the district’s 13 primary health centers (Centre de Santé de
Base 2), available free of charge to all pregnant women and children under 5 years [41]. This
program provided equipment and medication for pharmacies and health centers, as well as
training for obstetrics and neonatal care. Second, the United States Agency for International
Development (USAID) funded Mikolo project provided some training and limited supervision
for 150 community health workers stationed in remote villages (approximately half located
inside the PIVOT-MoH catchment area) on monitoring and counseling for basic health prac-
tices in their community [42]. The main difference in healthcare provision between the
PIVOT-MoH catchment area and the rest of the Ifanadiana district was the support in infra-
structure building, training and staffing, removal of user fees, and additional support to guide-
line implementation of clinical programs provided by PIVOT.

Trends in content of maternal and child care after health system strengthening initiative in Madagascar
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Data collection
Household surveys (IHOPE cohort). We collaborated with Madagascar’s National Insti-

tute of Statistics (INSTAT) to create an ongoing open longitudinal cohort study of 1,600
households (the sample size required to estimate under-five mortality within a 12% margin of
error) representative of the Ifanadiana district’s population—The Ifanadiana Health Outcomes
and Prosperity longitudinal Evaluation (IHOPE) [34]. The households were selected through a

Fig 1. Map of the Ifanadiana district in southeastern Madagascar. Ifanadiana has an estimated population of
200,000 people, approximately one third of which live within PIVOT’s initial catchment area. The district is comprised
of 13 communes (demarcated by black lines) and 195 fokontany (the smallest administrative unit, demarcated by blue
lines). Each of the communes contains a primary health center (Centre de Santé de Base 2: red diamonds and green
squares). Between 2014 and 2016, PIVOT and the MoH renovated, staffed, and equipped four of them (red diamonds).
The households surveyed by the PIVOT-MoH longitudinal cohort study that were located in villages nearest to a
PIVOT-supported health center were categorized into the intervention group (red dots); the households located in
villages nearest to a nonsupported health center were categorized into the non-intervention group (green dots). Map of
Madagascar in the top right corner, with the Ifanadiana district colored in red. Base maps obtained from INSTAT and
GADM.org. INSTAT, National Institute of Statistics; MoH, Ministry of Health.

https://doi.org/10.1371/journal.pmed.1002869.g001
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two-stage cluster sampling scheme. Maps from the 2009 census were used to divide the district
into 169 geographical clusters, after which 40 clusters from within and 40 clusters from outside
the initial catchment area were chosen at random, with probabilities proportional to popula-
tion size (Fig 1). Within each cluster, an enumeration was done to obtain a complete house-
hold listing, and 20 households were randomly selected prior to conducting the survey. A
questionnaire adapted from the Demographics and Health Survey (DHS) [43] was adminis-
tered in person to all men aged 15–59 and women aged 15–49 living in the enrolled house-
holds at baseline (April–May 2014). This survey was repeated two years after the initiation of
the intervention (August–September 2016). Households that were unavailable or declined par-
ticipation in the second survey were replaced with additional households from the original
sampling lists; families and individuals that moved into original households were also included
in the second survey (for details, see Miller and colleagues [34]). We collected data on house-
hold characteristics, socioeconomic status, and maternal and child health, among others.
Overall, among the 1,600 households sampled in each survey, 1,522 provided data in 2014 and
1,514 in 2016 (95.1% and 94.6% response rate, respectively).

Health facility assessments (SARA survey). To measure changes in service availability
throughout PIVOT’s HSS intervention, we conducted facility surveys in 2014 and 2015 at the
four PIVOT-support health centers in the catchment area. These were based on the WHO Ser-
vice Availability and Readiness Assessment (SARA) framework [44], which was adapted to the
Malagasy health system context and norms. We assessed availability of preventative and thera-
peutic services, health facility personnel level, supply of essential medicines, and basic func-
tional medical equipment, among others (S1 Appendix). Evaluations of non-PIVOT
supported health centers were not conducted at that time. Hospital-level norms for service
availability and readiness were updated by the MoH during the study period, precluding a lon-
gitudinal follow-up and analysis of the district hospital from baseline values.

The IHOPE survey was approved by the Madagascar National Ethics Committee and Har-
vard Medical School’s IRB. Verbal consent was obtained from adults (18–59 years old) and
from parents or legal guardians for their children (under 18 years), with assent from minors
(15–18 years old) to participate in the study. The SARA survey was authorized by the MoH.
We carried out our analysis on de-identified data. We reported this study as per the Strength-
ening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines [45],
which are available in S1 STROBE checklist.

Outcomes
A prospective analysis plan for measuring changes in care seeking behavior was designed as
part of the IHOPE cohort study and has been published in Miller and colleagues (2018) [34].
The current analysis of content of care was done retrospectively in 2017 to provide comple-
mentary insights around healthcare quality. We focused on three areas of healthcare: sick-
child care, antenatal care, and perinatal care. To benchmark appropriate care, we used as our
standard WHO’s IMCI guidelines [39], as well as their guidelines for maternal and newborn
health [46,47] (S1 Appendix). Based on the parents’ responses, sick-child care seeking was
measured as the proportion of children under five who had diarrhea (symptom of possible gas-
troenteritis), persistent cough with difficulty breathing (symptoms of possible acute respiratory
infection), or fever (symptom of possible malaria infection) within the previous two weeks and
who were brought to care for that indication either at one of MoH’s public health facilities
(PHFs)—which includes the district hospital and the district’s primary health centers—or at
any of the community health worker sites (CHWs) located throughout the district. The con-
tent of sick-child care was assessed by examining a variety of treatments and diagnostic
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procedures that ill children could receive for a particular symptom in accordance with IMCI
guidelines. For each possible treatment, we measured the proportion of symptomatic children
to whom it was prescribed at a PHF or CHW, as reported by parents in the IHOPE surveys.

We examined antenatal and perinatal care among women aged 15–49 who had a live birth
within the previous two years. Antenatal care seeking was assessed using three indicators: the
proportion of pregnant women who attended an antenatal consultation at a PHF (a) at least
once in their pregnancy, (b) at least four times, and (c) at least once during their first trimester.
Perinatal care seeking was measured as the proportion of women who delivered at a PHF.
Content of antenatal care was assessed by examining the coverage of several screening tests
pregnant women reported to have received during at least one of their antenatal consultations
at a PHF. For perinatal care, we assessed the rate of recommended newborn and maternal
health assessments that women reported in the IHOPE surveys following their child’s delivery
at a PHF.

Based on results from the SARA surveys conducted in PIVOT-supported health centers, we
examined the availability of the following services: (a) preventative services, (b) therapeutic
services, (c) health promotion and administration services, and (d) complementary services
(e.g., tuberculosis care, malnutrition care). We also examined health centers’ readiness to pro-
vide general healthcare services based on levels of (a) personnel (b) basic amenities (e.g.,
power source, water source), (c) basic equipment, and (d) essential medicines. For each indica-
tor of service availability and readiness, we measured the available proportion of components
included in the indicator, as defined by MoH/WHO standards (S1 Appendix).

Data analysis
Given that the vast majority of the district’s population accesses health centers by foot, we
stratified participants of the IHOPE surveys into an intervention and a non-intervention
group based on geographic proximity of their household to a PIVOT-supported or nonsup-
ported health center (Fig 1). Using the global positioning system (GPS) coordinates of each
health center and each of the 80 geographical clusters randomly sampled (centroid of all the
villages in a cluster), we identified the health center that was the shortest Euclidean distance
away from a given cluster. We considered participants to be in the intervention group if they
lived in households located in a cluster for which the nearest facility was a PIVOT-supported
health center and in the non-intervention group otherwise.

Using the standard protocols for DHS surveys [48], all results from the IHOPE surveys
were adjusted using sampling weights, which account for the unequal probability of household
selection, depending on the population size of each cluster surveyed and nonresponse rates.
We did not adjust for potential spatial autocorrelation through mixed effects models. We used
a chi-squared statistic to assess differences between outcomes in the intervention and non-
intervention group for each year, and a difference-in-differences (DiD) regression analysis to
estimate the overall effect of PIVOT-MoH’s intervention over time (S1 Appendix). We also
compared DiD estimates, unadjusted and adjusted, with household wealth. All results from
the SARA surveys were averaged across the four health centers evaluated, and changes over
time were reported. We analyzed all data with R software using the “survey,” “ggplot2,” “sp,”
“maptools,” “rgeos,” and “foreign” packages.

Results
The IHOPE study included 1,333 children under five in the 2014 survey and 1,345 children in
the 2016 survey (31.0% and 29.7% in the intervention group, respectively). It also included
1,635 women aged 15–49 in the 2014 survey and 1,585 women in the 2016 survey (39.2% and
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37.5% in the intervention group, respectively). While many demographic characteristics were
similar between the two groups (Table 1), the household wealth index,maternal education
level and literacy rate were higher in the intervention group than in the non-intervention
group. The nonresponse rate was low (<2%) for all questions of care seeking behavior and
care content assessed, with no significant differences between the two groups observed (S2
Table).

Sick-child care
Over the two-year study period, the proportion of children with reported diarrhea, fever, and/
or persistent coughing who sought care rose in the intervention group by 51.2% (from 41.4%
in 2014 to 62.5% in 2016), compared with a 7.1% decrease (from 30.0% to 27.9%) in the non-
intervention group (DiD p-value = 0.01) (Table 2). This apparent increase in care seeking
behavior was predominantly attributable to increased visits to PHFs rather than to CHWs.
The proportion of ill children who were prescribed at least one form of medication at a PHF or
CHW appeared to increase in the intervention group by 45.2% (from 40.1% to 58.3%) and
decrease in the non-intervention group by 8.9% (from 29.6% to 26.9%, DiD p-value = 0.02).
However, trends in content of care varied widely by indicator and did not always match trends
observed in care seeking behavior (Table 2 and Fig 2). Among the children in the intervention
group who were reported with diarrhea in 2016, 61.5% attended a PHF or CHW (+42.0%
from 2014 rate) and 49.9% received oral rehydration therapy there (+68.5%), while only 18.6%
received zinc supplement (+17.6%)—both of which are recommended for all children with
diarrhea by the IMCI guidelines. The prescription rate for antidiarrheal medication, not rec-
ommended by IMCI guidelines, dropped from 8.3% to 0% in 2016. Among the children in the
intervention group who were reported with fever in 2016, 60.5% attended a PHF or CHW (+-
20.4%); however, only 30.8% reported having received a malarial rapid diagnostic test
(−21.6%)—a test recommended by IMCI guidelines for all children with fever in malarial
endemic areas. In addition, 14.2% received antimalarial medication (−38.5%), and 35.6%
received antibiotics (+51.7%), although appropriateness of these prescriptions could not be
evaluated based on information reported in the IHOPE surveys. Controlling for household
wealth produced similar DiD estimates and associated p-values for all indicators of sick-child
care (S1 Table).

Antenatal and perinatal care
Between 2014 and 2016, antenatal care seeking behavior appeared to increase moderately for
pregnant women in the intervention group (Table 3 and Fig 3). In the 2016 IHOPE survey,
87.2% of these women attended an antenatal consultation at a PHF at least once during their
pregnancy (+11.4% increase from 2014 survey rate); however, only 48.5% attended four or
more consultations throughout their pregnancy, and 17.0% attended a consultation within the
first trimester of their pregnancy. Results are detailed in S1 Appendix. With regards to content
of antenatal care, there were variable increases over the study period in the rates of standard
screening tests and measurements, and many indicators remained low in 2016 despite the
apparent increase in care seeking behavior (Table 3 and Fig 3). While 77.8% of pregnant
women in the intervention group reported in the 2016 survey to have attended at least one
consultation at a PHF and had their weight measured (+2.8%), 67.1% had their blood pressure
measured (+22.8%), 48.7% had a blood test (+1.1%), and 27.1% had a urine test (+219.4%)
during at least one of their consultations—all measurements, except urine tests, recommended
by both international and national antenatal care guidelines. Moreover, only 39.1% of preg-
nant women reported receiving counseling on how to address possible pregnancy
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Table 1. Demographic characteristics of women (15–49 years old) and children (<5 years old) participants in the IHOPE cohort. Comparisons of demographic char-
acteristics between the intervention and non-intervention groups were made separately for 2014 and 2016 surveys. Differences between groups for each survey year were
calculated using a Student t test for continuous variables and a chi-squared test for categorical variables.

Characteristics 2014 2016
Non-intervention

group
N (%)

Intervention group
N (%)

p-value Non-intervention
group
N (%)

Intervention
group
N (%)

p-value

Children (<5 years old) 920 413 945 400
Reported sick within two weeks of survey date
By symptom:

474 (51.5) 183 (44.3) 0.05 313 (33.1) 98 (24.5) 0.00

Diarrhea 125 (13.6) 56 (13.6) 0.96 107 (11.3) 44 (11.0) 0.87
Fever 352 (38.3) 91 (22.0) 0.00 137 (14.5) 27 (6.8) 0.00
Cough and difficulty breathing 251 (27.3) 110 (26.6) 0.87 156 (16.5) 44 (11.0) 0.02

Sex 0.67 0.93
Male 465 (50.5) 203 (49.2) 484 (51.2) 204 (51.0)
Female 455 (49.5) 210 (50.8) 461 (48.8) 196 (49.0)

Mean age in years 2.5 2.6 0.39 2.8 2.6 0.27
Mean number of siblings alive 2.7 2.4 0.15 2.7 2.5 0.44
Household wealth index� 0.01 0.00

Within poorest 1st or 2nd wealth quintiles 516 (56.1) 144 (34.9) 525 (55.5) 141 (35.2)
Within richest 4th or 5th wealth quintiles 236 (25.6) 191 (46.2) 212 (22.5) 189 (47.1)

Mean maternal age in years 29.0 28.2 0.15 28.5 29.2 0.32
Highest maternal education level attained�� 0.00 0.00

Received no formal education 360 (39.1) 89 (21.5) 360 (38.1) 99 (24.8)
Attained primary education level 506 (55.0) 238 (57.6) 533 (56.4) 213 (53.3)
Attained secondary education level or higher 54 (5.9) 86 (20.8) 52 (5.5) 88 (22.0)

Maternal literacy status 0.00 0.00
Not literate 620 (67.4) 159 (38.5) 588 (62.2) 176 (44.0)
Literate 299 (32.5) 254 (61.5) 356 (37.7) 221 (55.3)

Women (15–49 years old) 994 641 990 595
Reported delivery within two years of survey date 378 (38.0) 174 (27.1) 0.00 369 (37.3) 155 (26.1) 0.00
Mean age in years 28.4 28.4 0.98 28.7 29.3 0.20
Marital status 0.02 0.00
Not married 372 (37.4) 303 (47.3) 373 (37.7) 273 (45.9)
Married or lives with a partner 622 (62.6) 338 (52.7) 617 (62.3) 321 (53.9)

Mean number of live births 3.5 2.9 0.04 3.5 2.9 0.02
Household wealth index� 0.00 0.00

Within poorest 1st or 2nd wealth quintiles 509 (51.2) 154 (23.9) 479 (48.4) 167 (28.2)
Within richest 4th or 5th wealth quintiles 279 (28.1) 389 (60.7) 293 (29.5) 348 (58.6)

Highest education level attained�� 0.00 0.00
Received no formal education 312 (31.4) 97 (15.1) 294 (29.7) 92 (15.5)
Attained primary education level 597 (60.1) 318 (49.6) 588 (59.4) 301 (50.6)
Attained secondary education level or higher 85 (8.6) 226 (35.3) 108 (10.9) 201 (33.8)

Literacy status 0.00 0.00
Not literate 567 (57.0) 182 (28.4) 548 (55.4) 195 (32.8)
Literate 423 (42.6) 459 (71.6) 440 (44.4) 398 (66.9)

�A wealth index was calculated for each household in the Ifanadiana district based on standard DHS methods [48]. Households were categorized into quintiles (20% of
Ifanadiana households in each quintile) based on their wealth index score. Households in the first and second wealth quintiles represent the poorest 40% of the
population, while households in the fourth and fifth quintiles represent the richest 40% of the population.
��The education level attained was based on the highest grade level women reported to be attending or have completed at time of the survey.
Abbreviations: DHS, Demographics and Health Survey; IHOPE, The Ifanadiana Health Outcomes and Prosperity longitudinal Evaluation.

https://doi.org/10.1371/journal.pmed.1002869.t001

Trends in content of maternal and child care after health system strengthening initiative in Madagascar

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002869 August 20, 2019 10 / 23

https://doi.org/10.1371/journal.pmed.1002869.t001
https://doi.org/10.1371/journal.pmed.1002869


Table 2. Summary of responses and trends from the 2014 and 2016 IHOPE surveys on indicators of sick-child care seeking behavior and care content (children<5
years old).

Indicator 2014 2016 2014–2016 Trend
Study
group

N Percent (SE) Difference
(p-value)

N Percent (SE) Difference
(p-value)

Percent relative
change

Percent absolute
change

DiD
(p-value)

Summary statistics for all children with symptoms of diarrhea, fever, and/or coughing with difficulty breathing
Visit to a PHF or CHW IG 183 41.35 (5.33) — 98 62.50 (7.42) — 51.17 21.16 —

NG 474 30.02 (3.35) 11.32 (0.07)+ 313 27.88 (3.97) 34.62 (0.00)��� −7.13 −2.14 23.29 (0.01)��

Visit to a PHF IG 183 28.98 (5.43) — 98 49.66 (7.04) — 71.37 20.68 —
NG 474 22.23 (3.34) 6.75 (0.28) 313 22.10 (3.50) 27.56 (0.00)��� −0.56 −0.12 20.81 (0.00)���

Visit to a CHW IG 183 12.85 (3.91) — 98 12.84 (5.06) — −0.09 −0.01 —
NG 474 7.98 (1.95) 4.87 (0.23) 313 5.78 (2.52) 7.06 (0.17) −27.61 −2.20 2.19 (0.74)

Any treatment
prescribed
at a PHF or CHW

IG 183 40.14 (5.53) — 98 58.26 (7.73) — 45.16 18.12 —
NG 474 29.56 (3.31) 10.58 (0.10)+ 313 26.93 (3.95) 31.33 (0.00)��� −8.89 −2.63 20.75 (0.02)�

Care seeking for children with diarrhea
Visit to a PHF or CHW IG 56 43.28 (9.88) — 44 61.47 (8.41) — 42.03 18.19 —

NG 125 31.02 (5.90) 12.26 (0.28) 107 31.45 (5.30) 30.02 (0.00)��� 1.37 0.43 17.76 (0.16)
Visit to a PHF IG 56 35.96 (10.01) — 44 45.29 (10.78) — 25.95 9.33 —

NG 125 21.95 (5.27) 14.01 (0.19) 107 26.97 (5.30) 18.32 (0.12) 22.87 5.02 4.31 (0.74)
Visit to a CHW IG 56 7.32 (4.97) — 44 16.18 (9.15) — 120.98 8.86 —

NG 125 9.07 (3.37) -1.75 (0.78) 107 4.48 (1.86) 11.70 (0.06)+ −50.63 −4.59 13.45 (0.21)
Content of care for children with diarrhea
Any treatment
prescribed
at a PHF or CHW

IG 56 41.50 (10.04) — 44 58.30 (8.80) — 40.48 16.80 —
NG 125 27.69 (6.23) 13.80 (0.23) 107 22.42 (4.75) 35.88 (0.00)��� −19.05 −5.28 22.07 (0.13)

Oral rehydration
therapy
prescribed at a PHF or
CHW

IG 56 29.64 (6.81) — 44 49.93 (10.52) — 68.48 20.30 —
NG 125 17.78 (5.47) 11.86 (0.18) 107 13.65 (3.37) 36.28 (0.00)��� −23.22 −4.13 24.43 (0.05)�

Antibiotics prescribed
at a PHF or CHW

IG 56 24.19 (7.08) — 44 15.88 (7.09) — −34.34 −8.31 —
NG 125 14.71 (3.89) 9.48 (0.21) 107 10.71 (3.08) 5.17 (0.46) −27.18 −4.00 −4.31 (0.67)

Zinc supplements
prescribed
at a PHF or CHW

IG 56 15.81 (4.66) — 44 18.59 (11.47) — 17.61 2.78 —
NG 125 6.78 (2.80) 9.03 (0.09)+ 107 3.19 (1.79) 15.40 (0.03)� −52.97 −3.59 6.38 (0.65)

Antidiarrheal
medication
prescribed at a PHF or
CHW

IG 56 8.32 (6.66) — 44 0.00 (0.00) — −100.00 −8.32 —
NG 125 1.52 (1.08) 6.80 (0.08)+ 107 0.00 (0.00) — −100.00 −1.52 −6.80 (0.32)

Homemade remedy
prescribed at a PHF or
CHW

IG 56 0.00 (0.00) — 44 0.00 (0.00) — 0.00 0.00 —
NG 125 2.97 (2.09) −2.97 (0.34) 107 0.53 (0.53) −0.53 (0.54) −82.33 −2.45 2.45 (0.26)

Care seeking for children with persistent cough and difficulty breathing
Visit to a PHF or CHW IG 110 38.46 (5.32) — 44 58.97 (11.24) — 53.31 20.50 —

NG 251 27.85 (4.05) 10.61 (0.11) 156 28.29 (4.54) 30.67 (0.01)�� 1.58 0.44 20.06 (0.08)+

Visit to a PHF IG 110 28.83 (5.63) — 44 49.28 (10.48) — 70.97 20.46 —
NG 251 22.77 (3.67) 6.06 (0.36) 156 21.90 (3.96) 27.38 (0.01)�� −3.80 −0.87 21.32 (0.03)�

Visit to a CHW IG 110 9.64 (3.15) — 44 9.68 (5.21) — 0.48 0.05 —
NG 251 5.08 (1.86) 4.55 (0.19) 156 6.39 (3.13) 3.29 (0.57) 25.71 1.31 −1.26 (0.84)

Content of care for children with persistent cough and difficulty breathing
Any treatment
prescribed
at a PHF or CHW

IG 110 37.35 (5.81) — 44 47.85 (10.38) — 28.10 10.50 —
NG 251 27.54 (4.05) 9.81 (0.16) 156 28.29 (4.54) 19.56 (0.07)+ 2.73 0.75 9.74 (0.40)

(Continued)
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complications (+33.4%). No significant differences in trends for care seeking behavior or con-
tent of antenatal care were observed between the intervention and non-intervention groups,
although the intervention group appeared to have consistently higher rates for all indicators.

In contrast to antenatal care, perinatal care seeking behavior appeared to increase substan-
tially for pregnant women in the intervention group over the study period, and trends in the
content of perinatal care more closely paralleled those observed for care seeking (Table 3 and
Fig 3). The percentage of pregnant women in the intervention group who delivered a child at a

Table 2. (Continued)

Indicator 2014 2016 2014–2016 Trend
Study
group

N Percent (SE) Difference
(p-value)

N Percent (SE) Difference
(p-value)

Percent relative
change

Percent absolute
change

DiD
(p-value)

Antibiotics prescribed
at a PHF or CHW

IG 110 26.32 (4.83) — 44 45.12 (10.43) — 71.43 18.80 —
NG 251 16.95 (3.65) 9.37 (0.12) 156 17.47 (3.48) 27.65 (0.00)��� 3.08 0.52 18.28 (0.13)

NSAIDs/paracetamol
prescribed at a PHF or
CHW

IG 110 29.59 (4.69) — 44 23.40 (6.85) — −20.92 −6.19 —
NG 251 21.03 (3.81) 8.56 (0.16) 156 20.30 (4.02) 3.10 (0.69) −3.48 −0.73 −5.46 (0.48)

Antimalarial
medication
prescribed at a PHF or
CHW

IG 110 8.61 (2.89) — 44 0.00 (0.00) — −100.00 −8.61 —
NG 251 11.56 (2.43) −2.95 (0.45) 156 5.90 (2.53) −5.90 (0.18) −48.98 −5.66 −2.95 (0.46)

Care seeking for children with fever
Visit to a PHF or CHW IG 91 50.26 (6.38) — 27 60.52 (12.36) — 20.41 10.26 —

NG 352 31.25 (3.87) 19.00 (0.01)�� 137 33.48 (6.00) 27.03 (0.05)� 7.13 2.23 8.03 (0.57)
Visit to a PHF IG 91 28.83 (7.31) — 27 51.15 (12.25) — 77.44 22.32 —

NG 352 24.37 (4.16) 4.46 (0.59) 137 29.29 (5.74) 21.86 (0.10)+ 20.18 4.92 17.41 (0.25)
Visit to a CHW IG 91 21.43 (5.97) — 27 9.36 (5.83) — −56.30 −12.07 —

NG 352 6.88 (1.77) 14.55
(0.00)���

137 4.20 (2.17) 5.17 (0.32) −39.04 −2.69 −9.38 (0.30)

Content of care for children with fever
Any treatment
prescribed
at a PHF or CHW

IG 91 50.26 (6.38) — 27 52.76 (12.59) — 4.99 2.51 —
NG 352 30.63 (3.79) 19.63 (0.01)�� 137 31.37 (5.79) 21.39 (0.12) 2.43 0.74 1.76 (0.90)

NSAIDs/paracetamol
prescribed at a PHF or
CHW

IG 91 39.63 (4.91) — 27 39.16 (10.50) — −1.18 −0.47 —
NG 352 25.20 (3.83) 14.43 (0.02)� 137 25.60 (5.27) 13.57 (0.23) 1.57 0.40 −0.87 (0.95)

Antibiotics prescribed
at a PHF or CHW

IG 91 23.49 (4.45) — 27 35.63 (11.75) — 51.67 12.14 —
NG 352 19.13 (3.10) 4.36 (0.42) 137 17.78 (5.12) 17.85 (0.13) −7.08 −1.35 13.49 (0.31)

Malarial rapid
diagnostic test
administered at a PHF
or CHW

IG 91 39.26 (7.50) — 27 30.78 (9.97) — −21.60 −8.48 —
NG 352 20.98 (4.00) 18.28 (0.03)� 137 20.28 (4.66) 10.50 (0.31) −3.30 −0.69 −7.79 (0.53)

Antimalarial
medication
prescribed at a PHF or
CHW

IG 91 22.99 (5.20) — 27 14.15 (7.10) — −38.45 −8.84 —
NG 352 15.10 (2.60) 7.89 (0.15) 137 12.24 (4.15) 1.91 (0.81) −18.92 −2.86 −5.98 (0.50)

+p-value< 0.10.
�p-value< 0.05.
��p-value< 0.01.
���p-value< 0.001.
Abbreviations: CHW, community health worker site; DiD, difference-in-differences; IG, intervention group; IHOPE, The Ifanadiana Health Outcomes and Prosperity
longitudinal Evaluation; NG, non-intervention group; NSAID, nonsteroidal anti-inflammatory drug; PHF, public health facility.

https://doi.org/10.1371/journal.pmed.1002869.t002
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PHF appeared to increase by 66.2% over the study period (23.1% to 38.3%). Similarly, all con-
tent of perinatal care indicators examined appeared to increase by 50%–70% over the study
period, and most of these indicators had 2016 rates above 30%, similar to the 2016 rate of
PHF-based delivery. In comparison, indicators of care seeking behavior and content of perina-
tal care for the non-intervention group appeared to minimally change over the study period
and remained low in 2016 (2016 rates<18% for all indicators, with<30% increases from 2014
rates).

Service availability and readiness in PIVOT-MoH catchment
Over the first year of the HSS intervention, there was an apparent increase in the mean avail-
ability of services in PIVOT-support health centers, across all categories measured in the
SARA surveys (Table 4): in 2015, the average health center offered 100.0% of the minimum
required preventative services (+14.3% increase from 2014 levels), 100.0% of health promotion
and administration services (+9.1%), 90.0% of therapeutic services (+20.0%), and 41.7% of
complementary services (+25.0%). Moreover, there was an apparent increase in most catego-
ries of general service readiness: in 2015, the average health center had 83.3% of the basic

Fig 2. Changes in sick-child care seeking behavior and care content for children (<5 years old) over the first two years of PIVOT-MoH’s HSS intervention.
Trends were calculated separately for each symptom evaluated: (a) diarrhea, (b) fever, and (c) persistent cough with difficulty breathing. For all outcome indicators,
trends over the study period are assessed by tracing from the 2014 percentage value (black dot) to the 2016 percentage value (red dot). Recommendations for treatment
are based onWHO’s IMCI guidelines (S1 Appendix) [39]. CHW, community health worker site; HSS, health system strengthening; IG, intervention group; IMCI,
Integrated Management of Childhood Illness; MoH, Ministry of Health; NG, non-intervention group; NSAID, nonsteroidal anti-inflammatory drug; PHF, public
health facility.

https://doi.org/10.1371/journal.pmed.1002869.g002
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Table 3. Summary of responses and trends from the 2014 and 2016 IHOPE surveys on indicators of antenatal and perinatal care seeking behavior and care content
for women (15–49 years old) and newborns.

Indicator 2014 2016 2014–2016 Trend
Study
group

N Percent (SE) Difference
(p-value)

N Percent (SE) Difference
(p-value)

Percent relative
change

Percent absolute
change

DiD
(p-value)

Antenatal care seeking for pregnant women
1 or more consultations at
a PHF

IG 174 78.25 (5.48) — 155 87.20 (3.84) — 11.44 8.95 —
NG 378 67.27 (4.40) 10.98 (0.14) 369 74.21 (4.74) 12.99 (0.04)� 10.33 6.95 2.01 (0.75)

4 or more consultations at
a PHF

IG 174 38.52 (5.68) — 155 48.45 (5.86) — 25.78 9.93 —
NG 378 26.98 (3.50) 11.54 (0.08)+ 369 37.45 (5.24) 11.00 (0.17) 38.79 10.47 −0.54 (0.95)

1 or more consultations at
a PHF
within the first trimester

IG 174 12.16 (2.67) — 155 16.95 (3.93) — 39.48 4.80 —
NG 378 13.89 (2.39) −1.73 (0.63) 369 19.45 (3.21) −2.50 (0.63) 40.05 5.56 −0.76 (0.90)

Content of antenatal care for pregnant women
Weight measured at a
PHF

IG 174 75.69 (5.95) — 155 77.80 (3.81) — 2.79 2.11 —
NG 378 56.61 (4.70) 19.08 (0.02)� 369 67.22 (5.55) 10.58 (0.11) 18.74 10.61 −8.50 (0.18)

Blood pressure measured
at a PHF

IG 174 54.67 (5.86) — 155 67.12 (4.21) — 22.78 12.45 —
NG 378 41.03 (3.72) 13.64 (0.05)� 369 57.15 (5.57) 9.97 (0.15) 39.28 16.12 −3.67 (0.66)

Blood sample taken at a
PHF

IG 174 48.18 (5.83) — 155 48.69 (5.01) — 1.06 0.51 —
NG 378 23.72 (3.85) 24.46 (0.00)��� 369 31.00 (4.40) 17.69 (0.01)�� 30.71 7.28 −6.77 (0.29)

Counseled about potential
pre-
gnancy complications at a
PHF

IG 174 29.33 (4.90) — 155 39.13 (5.15) — 33.41 9.80 —
NG 378 18.64 (2.76) 10.68 (0.05)� 369 32.25 (4.48) 6.88 (0.32) 72.98 13.61 −3.81 (0.58)

Urine sample taken at a
PHF

IG 174 8.49 (2.74) — 155 27.11 (4.57) — 219.4 18.63 —
NG 378 5.79 (1.47) 2.70 (0.35) 369 16.00 (2.31) 11.12 (0.02)� 176.52 10.21 8.41 (0.19)

Perinatal care seeking for pregnant women and newborns
Delivery at a PHF IG 174 23.06 (4.40) — 155 38.31 (7.63) — 66.15 15.25 —

NG 378 13.87 (4.18) 9.19 (0.15) 369 17.87 (3.61) 20.44 (0.01)�� 28.87 4.00 11.25 (0.13)
Content of perinatal care for pregnant women and newborns
Newborn’s weight
measured
at a PHF

IG 174 19.62 (4.34) — 155 33.00 (6.88) — 68.17 13.38 —
NG 378 13.53 (4.13) 6.09 (0.32) 369 10.44 (2.68) 22.56 (0.00)��� -22.88 −3.10 16.47 (0.02)�

Newborn exclusively
breastfed
for first 3 or more days
after
delivery at a PHF

IG 174 20.52 (4.16) — 155 32.25 (6.51) — 57.14 11.73 —
NG 378 11.82 (3.46) 8.70 (0.12) 369 14.52 (3.03) 17.73 (0.01)�� 22.83 2.70 9.03 (0.16)

Mother’s health checked
at a PHF within 6 hours
of delivery

IG 174 19.71 (3.69) — 155 30.70 (6.21) — 55.78 10.99 —
NG 378 11.41 (3.50) 8.30 (0.12) 369 13.67 (3.30) 17.03 (0.01)�� 19.76 2.26 8.74 (0.12)

Newborn’s health
checked
at a PHF within 6 hours
of delivery

IG 174 16.25 (3.40) — 155 27.43 (5.93) — 68.82 11.18 —
NG 378 10.58 (3.05) 5.66 (0.23) 369 10.80 (2.34) 16.63 (0.00)��� 2.03 0.21 10.97 (0.04)�

Newborn breastfed within
1 hour
of delivery at a PHF

IG 174 17.56 (3.79) — 155 26.41 (6.66) — 50.39 8.85 —
NG 378 11.16 (4.13) 6.40 (0.28) 369 14.15 (3.20) 12.26 (0.07)+ 26.78 2.99 5.86 (0.43)

+p-value< 0.10.
�p-value< 0.05.
��p-value< 0.01.
���p-value< 0.001.
Abbreviations: CHW, community health worker site; DiD, difference-in-differences; IG, intervention group; IHOPE, The Ifanadiana Health Outcomes and Prosperity
longitudinal Evaluation; NG, non-intervention group; PHF, public health facility.

https://doi.org/10.1371/journal.pmed.1002869.t003
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functional medical equipment components (+66.7%) and 65.0% of the basic health facility
amenities (+85.7%). However, only 58.3% of essential medicines were in provision (−23.9%),
and the minimum level of health facility personnel required by MoH standards remained at
75.0% both years. Comparisons with service availability and readiness levels in health centers
outside the PIVOT-MoH intervention catchment could not be performed because those health
centers were not surveyed at the time.

Discussion
Of the 15.6 million avertable deaths that occurred in 2016 in low- and middle-income coun-
tries, an estimated 3.6 million were attributable to non-utilization of healthcare services, while
5.0 million were attributable to receipt of low-quality care [49]. In this study, we used an open
district-representative longitudinal cohort to assess the content of care delivered to the popula-
tion in the Ifanadiana district as a proxy for estimating the impact of an integrated HSS initia-
tive on healthcare quality. The results revealed that over the two-year study period, care
seeking behavior appeared to have substantially increased in the intervention group compared
with the non-intervention group for sick-child care (DiD = 23.3%, p-value = 0.01) and perina-
tal care (DiD = 11.3%, p-value = 0.13), with a more marginal difference observed between the
two groups for antenatal care (DiD = 2.0%, p-value = 0.75).

Despite general improvements in care seeking behavior, there was high variability in the
trends observed for indicators of healthcare content in the intervention group. Among chil-
dren ill with diarrhea, we observed a large increase in the prescription rate of oral rehydration

Fig 3. Changes in maternal and newborn care seeking behavior and care content over the first two years of PIVOT-MoH’s HSS intervention.
Trends were calculated for (a) antenatal care and (b) perinatal care among women (15–49 years old) who had a delivery within two years of the 2014
and 2016 IHOPE surveys. For all outcome indicators, trends over the study period are assessed by tracing from the 2014 percentage value (black dot)
to the 2016 percentage value (red dot). Recommendations for care are based onWHO guidelines (S1 Appendix) [46,47]. HSS, health system
strengthening; IG, intervention group; IHOPE, The Ifanadiana Health Outcomes and Prosperity longitudinal Evaluation; MoH, Ministry of Health;
NG, non-intervention group; PHF, public health facility; WHO,World Health Organization.

https://doi.org/10.1371/journal.pmed.1002869.g003
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therapy, matching the apparent increase in care seeking behavior, but a negligible increase for
zinc supplementation. We found decreasing rates of malarial rapid diagnostic test administra-
tion and antimalarial medication prescriptions over the study period, compared with an
increasing percentage of children ill with fever who attended a PHF. These discrepancies may
be partially explained as artifacts of when and how the data were collected, including sample
size limitations, recall bias, and imperfect knowledge from mothers on the care their children
received. Indeed, sample size for children ill with fever was low in the intervention group,
given that this group had lower prevalence of fever than the non-intervention group both
years. Moreover, the 2016 IHOPE survey was conducted between August and September,
which was four months later in the year than the 2014 survey and when the incidence rates of
malaria and other infectious diseases are lower due to a drier climate.

We also observed a parallel increase in the care seeking and content of perinatal care during
the study period, but variable changes in the content of antenatal care. By the second wave of
the IHOPE survey in 2016, the PIVOT-MoH partnership had been primarily focused on
improving facility readiness and had not yet implemented specific clinical programs for mater-
nal and reproductive health. In addition, while many health facility readiness programs started
in mid-2014, the support to the community health worker program was only initiated in
November 2015. This could explain why changes in sick-child care seeking at CHWs were
marginal. Despite these limitations, the specific gaps observed between trends in care content
and care seeking behavior highlight the fact that measures of care seeking are necessary but
not sufficient to adequately evaluate the impact of HSS programs on delivering effective
healthcare.

Table 4. Summary of operational capacities indicators from the 2014 and 2015 SARA surveys. The surveys were conducted at all PIVOT-supported health centers
located inside the PIVOT-MoH catchment area. Percentages reported are the available proportion of components in each indicator, averaged across the four health centers
assessed.

Indicator Components of indicator 2014
Percent (SD)

2015
Percent (SD)

Percent
relative
change

Percent
absolute
change

Specific service availability
Preventative services antenatal care, postnatal care, family planning, childhood immunization 87.50 (14.43) 100.00 (0.00) 14.29 12.50
Therapeutic services outpatient care, inpatient care, obstetric care, hospitalization capabilities,

treatment capabilities
75.00 (19.15) 90.00 (20.00) 20.00 15.00

Health promotion and
administration services

health promotion, community outreach, health management information
system

91.67 (16.67) 100.00 (0.00) 9.09 8.33

Complementary services malnutrition care, tuberculosis care, IMCI guidelines implementation 33.33 (0.00) 41.67 (16.67) 25.00 8.33
Overall score 73.33 (5.44) 85.00 (3.33) 15.91 11.67
General service readiness
Personnel level 1 physician, 1 nurse, 1 midwife, 1 guard, 1 pharmacist 75.00 (25.17) 75.00 (25.17) 0.00 0.00
Basic amenities power, improved water source, adequate sanitation facilities,

communication equipment, sufficient work space
35.00 (25.17) 65.00 (25.17) 85.71 30.00

Basic equipment adult scale, child scale, thermometer, stethoscope, blood pressure
apparatus, examination table

50.00 (0.00) 83.33 (13.61) 66.67 33.33

Essential medicines aminophylline, amoxicillin, benzylpenicillin, captopril, chlorpheniramine,
co-trimoxazole, iron-folic acid, gentamicin, hydrochlorothiazide,
ibuprofen, metoclopramide, metronidazole, paracetamol, phenobarbital,
oral rehydration therapy/zinc packets

76.67 (8.61) 58.33 (18.98) −23.91 −18.33

Overall score 64.52 (8.33) 69.00 (3.83) 6.95 4.48

Abbreviations: IMCI, Integrated Management of Childhood Illness; MoH, Ministry of Health; SARA, Service Availability and Readiness Assessment.

https://doi.org/10.1371/journal.pmed.1002869.t004
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The high variability we found in the trends of care content across outputs examined at the
local level is consistent with recent evidence observed at larger scales in studies comparing pri-
mary healthcare across several low-income countries [23,50,51]. Such analyses show that even
among some populations with high coverage rates, large gaps in the content of care persist,
resulting in inadequate management of patients [24,25,52,53]. Moreover, studies have found
only weak correlations between care performance in low-income countries, facility infrastruc-
ture, and national wealth [26,50,54,55], suggesting that a focus on improving care content (i.e.,
by emphasizing consistent clinical assessment, adherence to protocols, respectful patient-pro-
vider interactions [56]) could achieve substantial improvements in care quality in these settings.

In the context of localized HSS impact studies, there has been limited use of content of care
measures to explore care quality at the population level [7]. Content of care has most com-
monly been assessed by evaluating the practices of healthcare providers directly at health cen-
ters [57–59]. This method enables more detailed examination of services than is possible from
population surveys (e.g., correct diagnosis, appropriate medicine dosage), but can introduce
participation bias if providers and patients know they are being evaluated [16]. Moreover,
using direct observational methods alone only accounts for people who reach the health facili-
ties and precludes complementary measures of accessibility.

We also noted improvements in most measurements of service availability and readiness in
the PIVOT-supported health centers. Within the first year of the intervention, all four PIVOT-
supported health centers in the catchment area appeared to function close to full operational
capacity, offering almost all preventative and therapeutic services, as well as becoming well
supplied with basic health facility amenities and functional medical equipment. However, sup-
ply chain issues were pervasive and the provision of essential medicines remained at low levels
in 2015 and decreased from 2014 levels. Medications for all health centers in the Ifanadiana
district are ordered from a single regional distribution system; shortages of essential medicines
in PIVOT-supported health centers are indicative of challenges in the supply chain keeping up
with the increased demand, revealing a critical bottleneck in the healthcare delivery system
that required improvement. SARA surveys conducted throughout Madagascar in 2014 indi-
cate that about half of health centers lack stocks of zinc and oral rehydration therapy [60].
Moreover, similar data from multiple low-income countries reveal that the rate of essential
medicines’ availability is consistently low compared with other indicators measured in general
service readiness [61].

Previous studies examining service readiness and availability in low- and middle-income
countries have most commonly employed WHO’s SARA tool or DHS and USAID’s Service
Provision Assessment (SPA) tool. Recently, researchers have also used the “clinical cascade”
model to measure service-specific readiness, which organizes results hierarchically based on
the order of variables necessary to sequentially identify, treat, and monitor or modify a particu-
lar health condition [62–64]. This methodology is clinically focused and less applicable to mea-
sures of general service readiness, which was the aim of this current study.

There were several limitations to this study. While we surveyed close to 1,600 households in
each IHOPE survey, and over 400 children were reported to be ill within two weeks of each
survey date, those children were separated into three groups based on symptoms in order to
examine appropriate care, producing smaller sample sizes for each group. As a result, some
estimates had large standard errors, which may explain, e.g., the minor apparent decreases
observed in the non-intervention group despite the complementary health programs in place.
In addition, data were based on self-reported answers from mothers, which could lead to
lower estimates of illness or treatment if mothers did not recall the symptoms or treatments
provided. Questions on content of medical care for childhood illnesses and maternal health
were limited, as the IHOPE survey was largely based on the Malagasy DHS, making it
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challenging to assess the appropriateness of certain drug prescriptions for individual patients.
Complementing population-level surveys with direct observational surveys in health facilities,
as discussed above, could help address questions of care appropriateness and issues of recall.
Additionally, apparent increases in essential medications and basic equipment availability
observed in the SARA survey could in part be attributable to either of the programs (PIVOT
or PAUSENS) that strengthened health facilities evaluated. The lack of a control group in the
SARA survey (only PIVOT-supported health centers were assessed) prevents us from isolating
the effect of each program.

Regarding the study design, the IHOPE open longitudinal cohort confers some key advan-
tages over multiple cross-sectional studies. In particular, a longitudinal study is a powerful way
of controlling for the confounding effects of population and demographic changes through
migration (i.e., it measures the effects of the intervention on the families and communities that
were present at the beginning of the intervention). However, the cohort population can
become less representative of the district population over time, and substantial loss to follow-
up (which was not a substantial problem in the first two years of this study) can eventually
limit analysis. For this reason, the IHOPE cohort replaces households unable or unwilling to
participate in data collection with supplemental households from the original enumeration list
(within the same cluster), which allows for some evolving representativeness of the population
estimates. We also note that the intervention catchment area was not randomized across the
district—it was a natural experiment in which study design followed the intervention, which
was driven by practical considerations to strengthen the health system in alignment with the
government. Although health seeking behaviors at baseline were similar between the two
areas, some socioeconomic indicators were better within the intervention catchment than for
the rest of the district, which could impact the results observed and limit our capacity to ensure
that the parallel trends assumption was fulfilled. Nonetheless, we found that DiD estimates for
all indicators were extremely similar when controlling for household wealth. Lastly, because
clusters were based on geographic proximity, there is a risk for misclassification if people pre-
ferred to travel longer distances to attend an improved health center, which could underesti-
mate the effect of the intervention.

Conclusion
Examining the rates of healthcare outputs at the population level, in addition to care seeking
behavior, presents a more comprehensive picture of a program’s impact on healthcare deliv-
ery. By controlling for baseline differences between the intervention group and the non-inter-
vention group, we were able to identify areas of care that appeared to have significantly
improved as a direct result of PIVOT-MoH’s initiatives and those that still need improvement.
As the PIVOT-MoH partnership continues to develop its clinical programs, particularly in
maternal and reproductive health, we expect to observe a better match between the trends in
healthcare seeking behavior and content of recommended care. This will be assessed in subse-
quent surveys of IHOPE’s ongoing longitudinal cohort study. In addition, an expansion of
health facility assessments is expected to provide complementary information on health system
readiness across the Ifanadiana district. Together, this will help build an evidence base for the
potential impact of integrated health systems strengthening interventions on the quality of
care delivered in low-resource settings.

Supporting information
S1 Appendix. The file contains the following: A table of 10 essential components of high-
quality health systems; a graphical representation of the DiD statistical calculation; a
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figure of initiation and frequency of antenatal care attendance in the IHOPE cohort; addi-
tional information on the IHOPE cohort; and additional information on the SARA survey.
DiD, difference-in-differences; IHOPE, The Ifanadiana Health Outcomes and Prosperity lon-
gitudinal Evaluation; SARA, Service Availability and Readiness Assessment.
(DOCX)

S1 TIDIER Checklist. Summary of the HSS intervention carried out by PIVOT in Ifanadi-
ana District between 2014 and 2016, based upon the TIDieR checklist. HSS, health system
strengthening; TIDieR, Template for Intervention Description and Replication.
(DOCX)

S1 STROBE Checklist. The STROBE statement is a checklist of 22 items considered essen-
tial for good reporting of cohort studies. STROBE, Strengthening the Reporting of Observa-
tional Studies in Epidemiology.
(DOCX)

S1 Table. DiD estimates adjusted for household wealth. Table of DiD estimates and associ-
ated p-values for all indicators of sick-child, antenatal, and perinatal care assessed, comparing
unadjusted and adjusted values after controlling for household wealth. DiD, difference-in-dif-
ferences.
(XLSX)

S2 Table. Information on nonresponse rates in IHOPE survey. Table with rates of missing
data for all indicators of sick-child, antenatal, and perinatal care assessed. IHOPE, The Ifanadi-
ana Health Outcomes and Prosperity longitudinal Evaluation.
(XLSX)

Acknowledgments
The authors thank Jim Herrnstein, Robin Herrnstein, Benjamin Andriamihaja, Lara Hall,
Djordje Gikic, Amber Cripps, Pat Wright, and Paul Farmer for their assistance and contribu-
tions to this work. They also thank the field teams at Institut National de la Statistique
(INSTAT) for their collaboration in the district-wide population survey. Finally, the authors
are grateful to all the staff of PIVOT and the Ministry of Health for their support of the study
and for their continued dedication to improving the health of Ifanadiana’s population.

Author Contributions
Conceptualization: Camille Ezran, Matthew H. Bonds, Andres Garchitorena.

Data curation: Ann C. Miller, Laura F. Cordier, Justin Haruna, David Mwanawabenea, Mar-
ius Randriamanambintsoa, Hery-Tiana R. Razanadrakato, Mohammed Ali Ouenzar, Béné-
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Abstract
Poor geographic access can persist even when affordable and well-functioning health systems are in place, limiting efforts for universal health
coverage (UHC). It is unclear how to balance support for health facilities and community health workers in UHC national strategies. The goal
of this study was to evaluate how a health system strengthening (HSS) intervention aimed towards UHC affected the geographic access to
primary care in a rural district of Madagascar. For this, we collected the fokontany of residence (lowest administrative unit) from nearly 300
000 outpatient consultations occurring in facilities of Ifanadiana district in 2014–2017 and in the subset of community sites supported by the
HSS intervention. Distance from patients to facilities was accurately estimated following a full mapping of the district’s footpaths and residential
areas. We modelled per capita utilization for each fokontany through interrupted time-series analyses with control groups, accounting for non-
linear relationships with distance and travel time among other factors, and we predicted facility utilization across the district under a scenario
with and without HSS. Finally, we compared geographic trends in primary care when combining utilization at health facilities and community
sites. We find that facility-based interventions similar to those in UHC strategies achieved high utilization rates of 1–3 consultations per person
year only among populations living in close proximity to facilities. We predict that scaling only facility-based HSS programmes would result in
large gaps in access, with over 75% of the population unable to reach one consultation per person year. Community health delivery, available
only for children under 5 years, provided major improvements in service utilization regardless of their distance from facilities, contributing to
90% of primary care consultations in remote populations. Our results reveal the geographic limits of current UHC strategies and highlight the
need to invest on professionalized community health programmes with larger scopes of service.
Keywords: Community health, geographical information systems, healthcare utilization, health systems research, inequality

Introduction
Despite considerable progress on the health-related develop-
ment goals, every year five million children under 5 years die
of treatable illnesses such as malaria, diarrhoea and respira-
tory infections. More than three and a half billion people lack
access to essential health services (The World Bank, 2017;
Fullman et al., 2017). At the recent 40-year anniversary of the
Alma Ata Declaration, 134 countries signed on to a renewed
commitment to universal health coverage (UHC) based on
a shared vision that primary health care and health services
be ‘high quality, safe, comprehensive, integrated, accessible,
available, and affordable for everyone everywhere’ (World
Health Organization, 2018a). In practice, UHC policies tend

to focus on financial coverage, such as through health insur-
ance, in order to reduce out-of-pocket payments at health
facilities, which are known to be barriers to care (Sachs, 2012;
Garchitorena et al., 2017; Dhillon et al., 2011; Langlois
et al., 2016; Zombré et al., 2017; Lagarde and Palmer, 2011;
Johri et al., 2014). However, there is growing recognition
that among the greatest challenges to accessing health care
are geographic barriers: terrain, waterways and other factors
associated with physical distance between the patient and the
service (Feikin et al., 2009; McLaren et al., 2014; Gething
et al., 2012; Noor et al., 2003; Stock, 2012). The use of
primary care decreases exponentially for populations living
at increasing distance of primary healthcare centres (PHCs),
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Key messages

• Limited geographic access to primary care is one of the
most important and hardest challenges for achieving UHC
and improving population health in developing countries.

• There is little evidence on how health system change linked
to UHC affects the geography of health access, leaving open
questions about their effects on remote populations.

• We combined geographic data from hundreds of thousands
of patient records from a rural district’s health system to
identify the impact of a HSS intervention on geographic
trends in access to care.

• Our results provide evidence of the substantial gaps in care
that persist unless health systems integrate professional
community health programmes with an expanded scope of
services.

known as the ‘distance decay’ effect (Feikin et al., 2009;
McLaren et al., 2014; Gething et al., 2012; Noor et al., 2003;
Stock, 2012). Distance decay in health access is equivalent to
the effect of user fees (Bates et al., 2012), which can be more
directly reduced or eliminated (Sachs, 2012; Garchitorena
et al., 2017; Dhillon et al., 2011; Langlois et al., 2016;
Zombré et al., 2017; Lagarde and Palmer, 2011; Johri et al.,
2014).

While there is a considerable body of evidence on the rela-
tionship between health system access and user fees, there is
surprisingly little evidence on the relationship between health
system change and the geography of health access. Studies
suggest that geographic barriers to PHC persist even when
user fees have been removed, making these approaches insuf-
ficient to reach full population coverage of primary care ser-
vices (Nguyen et al., 2018; De Allegri et al., 2011; Mills et al.,
2008). The leading policy strategy for addressing geographic
barriers is through community health workers (CHWs); i.e.
lay people who are trained to treat a subset of clinical cases
(World Health Organization, 2018b; 2010). Yet, little is
known about the effects of community health systems on
the geography of health access or about their contribution
towards the realization of universal access to primary health
care. Can the leading policies designed to improve healthcare
coverage—UHC and community health—actually overcome
these key barriers?

In most developing countries, national policies consider
CHWs as local volunteers, with minimum requirements of
formal education. Compensation for CHWs is well below
the national minimum wage and is frequently based on a
social marketing strategy, where CHWs earn a markup for the
sale of medicines. Community-based diagnosis and treatment
is generally restricted to malaria, pneumonia and diarrhoea
for children under five (Ahmed et al., 2010). The burden of
disease thus remains unmet for the large majority of the pop-
ulation, even when community health systems are fully func-
tioning. New World Health Organization (WHO) guidelines,
not yet fully adopted by most countries, recommends paying
CHWs minimum wage, removing use fees and providing ded-
icated supervision (World Health Organization, 2018b), but
there remains debate on how to optimize community health.

The situation of Madagascar is illustrative of the chal-
lenges of many low-income countries attempting to translate

international policies for UHC and community health to
the national level in a context of limited resources. This
island nation is one of the poorest countries in the world,
with among the least well-funded health systems (World
Bank, 2019). In 2014, Madagascar had less than three doc-
tors, nurses and midwives per 10 000 people (World Health
Organization, 2019), with a lower concentration in rural
areas, where over three-quarters of the population live
(Institut National de la Statistique, 2009). Access to health
care is particularly low for the majority of the population liv-
ing more than 5 km away from a PHC (Garchitorena et al.,
2017; World Health Organization, 2019; Kashima et al.,
2012). To address this, the country has significantly increased
health spending in recent years and, in 2015, it signed a
national policy for UHC that is currently in its pilot phase
(Government of Madagascar, 2015). Yet, the contribution of
CHWs to improving primary care access inMadagascar is lim-
ited, since CHWs work on a voluntary basis, manage mostly
illnesses of early childhood, and significant challenges remain
to support their activities (e.g. supervision and procurement).

Here, we take advantage of a natural experiment in
global health, where an integrated, district-level health system
strengthening (HSS) intervention aimed at achieving universal
coverage at the local level was implemented in a rural district
of Madagascar, ahead of the national scale up of the UHC
strategy. Starting in 2014, a non-governmental organization
(NGO), partnered with the Government of Madagascar to
establish a model health system in the southeastern district of
Ifanadiana (∼200 000 people). A range of HSS programmes
were initiated in a third of the district (see Supplementary
Table S1), removing user fees at health facilities, ensuring
health system readiness (infrastructure, personnel and supply
chain), improving clinical programmes (maternal and child
health) and supporting integrated information systems at all
levels of care (community health, primary care facilities and
the district hospital). Early results showed improved qual-
ity of primary care (Ezran et al., 2019), a tripling of facility
utilization rates (Garchitorena et al., 2018), and declines in
under-five and infant mortality rates in the first 2 years of
intervention (Garchitorena et al., 2018). Later, in 2016, these
programmes were extended to include strengthened CHWs—
who were trained, supervised and equipped (Cordier et al.,
2020; Bonds et al., 2017).

With a unique geographically explicit patient-level data
set encompassing all health centre visits in the district dur-
ing 4 years, the aim of this study was to examine the effect
of increasing financial coverage and strengthening the public
health system on the geographic access (community vs facility-
based) to primary health care. The ultimate goal was to pro-
vide evidence, via this district-level pilot, on the contribution
and limitations of broader policies for UHC and community
health towards the realization of universal access to primary
health care in rural settings of developing countries.

Methods
Study site
Ifanadiana is a rural health district of approximately 200
000 people located in the region of Vatovavy-Fitovinany, in
Southeastern Madagascar. As per Ministry of Health (MoH)
norms, Ifanadiana district has one reference hospital, one
main primary care health centre (PHC2) for each of its
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13 communes (subdivision of a district with∼15 000 people),
six additional basic health centres for its larger communes
(PHC1), and one community health site with two CHWs
for each of its 195 fokontany (subdivision of a commune
with ∼1000 population). The integrated HSS intervention
carried out by the MoH–NGO partnership (summarized in
Supplementary Table S1) began in 2014, is guided by exist-
ing MoH policies, covers all six WHO building blocks of
HSS and is implemented across all three levels of care in
the district (community, health centre and hospital). This
intervention is structured through the integration of hori-
zontal improvements in system ‘readiness’, vertically aligned
clinical programmes and information systems. Readiness
includes infrastructure and sanitation, staffing and equip-
ment to improve the quality of care; procurement systems; an
ambulance network; the removal of user fees and provision
of social support to patients; trainings and frequent super-
vision of health staff. The clinical programmes include mal-
nutrition and integrated management of child illness through
strengthened community health programmes, PHCs and hos-
pital (details can be found in Garchitorena et al., 2018; Bonds
et al., 2017). The core activities in the first years (2014–2017)
covered approximately one-third of the population of Ifana-
diana (referred to as ‘HSS catchment’), with some activities
such as medical staff recruitments spanning the whole district
(Supplementary Table S1).

In addition to the HSS intervention, the population of
Ifanadiana benefited from two other notable programmes that
covered both the HSS catchment and the rest of the dis-
trict (RoD) in this period. The PAUSENS project, funded
by the World Bank and implemented in 2013–2017, pro-
vided a basic package of services free of charge in all 13
PHC2 for every woman attending the health centre for ante-
natal, delivery or postnatal care (first 6 weeks) and children
under age five with any illness (The World Bank, 2012).
The project also included training, support for child vacci-
nation in remote areas and some equipment to health centres.
The Mikolo project, funded by U.S. Agency for International
Development and implemented in 2012–2017, provided sup-
port to a network of 150 CHWs in the remote fokontany
(further than 5 km from a health centre) of eight communes in
Ifanadiana, four of which were in the HSS catchment and four
in RoD. The project organized annual trainings and periodic
supervision and provided some equipment, supplies and an
initial stock of medicines to each CHWs. The main difference
between HSS catchment and RoD (our control group) was the
implementation of the HSS intervention by the MoH–NGO
partnership.

Health system utilization data
From January 2014 to December 2017, we obtained data
from the registries on all individuals attending any PHC for
an outpatient consultation in the district. The data were col-
lected via regular visits to each PHC in the district by the
NGO staff every 3–4months, in agreement with the head of
each PHC and the district medical inspector. This allowed for
the creation of a patient-level, de-identified digital database.
For each patient (new visits; follow-up excluded), informa-
tion included the age, name of the fokontany of residence
and malaria status. Fokontany are the smallest administrative
units, composed of one or several villages, and are located at
varying distances from the nearest PHC (0–20 km). For the

period from January to December 2017, we also collected
consultation data from the community health sites supported
by the MoH–NGO partnership at this time (four out of five
communes in the intervention area and 43 fokontany with
an estimated population of about 55 000). This informa-
tion, which was already available at the fokontany level, was
obtained from the monthly report to the district and was ver-
ified for data quality and corrected where necessary by the
NGO’s monitoring and evaluation team.

Population data for each fokontany was obtained from the
MoH. Consistent withMoH estimates, the population of chil-
dren under 5 years was set at 18% of the total catchment
population. Although official population data are sometimes
deemed inaccurate, we previously showed that estimating
catchment populations using available data for our district
from other recognized sources such as WorldPop (2017) did
not change the results of per capita utilization rates analyses
(Garchitorena et al., 2017). Information about key dates of
the HSS intervention, especially the beginning of the user-fee
exemption programme and the community health programme
for each supported commune, were obtained from internal
records within the NGO. Number of health professionals at
each PHCpermonthwere obtained from district’s records and
Service Availability and Readiness Assessments (Ezran et al.,
2019).

Geographic information system
We gathered geographic information from multiple sources in
order to estimate the distance and travel time from each house
in Ifanadiana district to the nearest PHC. First, we mapped
all footpaths, residential areas, houses and rice fields in the
district using very-high-resolution satellite images available
through OpenStreetMap (OSM). For this, we implemented a
participatory approach in collaboration with the non-profit
organization Humanitarian OpenStreetMap Team (HOT).
The district was divided in tiles of 1 km by 1 km and a request
for mapping them was made publicly available through the
HOT website (Humanitarian OpenStreetMap Team, 2019).
Mapping was carried out in a two-stage process, where tiles
that had been mapped had to be validated by a separate
contributor. Most tiles were mapped and validated by a ded-
icated team hired through the project to ensure data quality
and completion within the project deadlines. When mapping
was completed, we used the Open Source Routing Machine
(OSRM) engine to query our OSM data and accurately esti-
mate the shortest path between each house in the district and
the nearest PHC.

Second, to estimate travel speed by foot under different ter-
rain and environmental conditions, we conducted field global
positioning system (GPS) tracking between September 2018
and April 2019 in a sample of itineraries in Ifanadiana. A
total of 168 itineraries by foot amounting to nearly 1000 km
were collected by the NGO’s community and research teams,
in collaboration with CHWs. For this, we used the android
mobile app ‘OSMAnd’ installed in tablets (Samsung Galaxy
A10.1) and we recorded every 10 s the GPS coordinates, time
and altitude.

Third, we built remotely sensed land cover maps com-
bining information from Sentinel-2 satellites and OSM. We
integrated land cover maps with the rest of graphical infor-
mation system (GIS) data (climate, elevation, etc.) to statisti-
cally model travel speed and estimate terrain characteristics
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associated with higher or lower speed using a generalized
additive mixedmodel. We finally combinedmodel results, GIS
data and the shortest paths estimated by OSRM in order to
predict travel time to seek care at the nearest PHC for every
house in Ifanadiana. The aggregated distance and travel time
for a fokontany was the average of all houses in the fokon-
tany. A detailed description of the methods used to estimate
distance and travel time to PHC is available in Ihantamalala
et al. (2020).

Data analysis of health system data
The impact of the HSS intervention on utilization rates at each
fokontany was modelled using interrupted time-series analy-
ses with control groups (Kontopantelis et al., 2015). For this,
we first aggregated health centre patient-level information to
estimate per capita utilization rates per month for each Fokon-
tany in Ifanadiana district (Figure 1). We studied the linear
and non-linear effect of travel distance and travel time from
each fokontany to the nearest PHC on utilization rates. We
assessed the impact of two programmes designed to reduce
financial barriers (i.e. user-fee exemption) and to reduce geo-
graphic barriers (i.e. community programme) by assessing
the level of change in utilization (immediate impact) associ-
ated with each programme (Kontopantelis et al., 2015). We
hypothesized that the community programme could have a
positive impact on facility-based PHC utilization via increased
sensitization, awareness and referrals by CHWs, especially for
the 82% of the population over 5 years of age that is beyond
the scope of CHWs work. We also controlled for linear and
seasonal trends in utilization rates in the absence of the pro-
grammes; for baseline differences in HSS-supported PHC and

in the type of PHC (PHC1 or PCH2); and for the number of
health staff over time in the closest PHC for each fokontany.

Per capita utilization rates at PHC were modelled for each
fokontany using binomial regressions in generalized linear
mixed models, with a random intercept introduced for the
closest PHC. All other variables were introduced as fixed
effects. Each explanatory variable was studied through uni-
variate analyses and those with P-values below 0.1 were
included in multivariate models. Orthogonal polynomial
terms of degree 2 were included to account for the non-linear
relationship of per capita utilization with travel distance/time
to the PHC. We included interaction terms between the HSS
programmes and the travel distance/time to the PHC in the
multivariate model to test whether these programmes had a
different effect on remote populations. Model selection was
performed through step-wise procedures based on Akaike
information criterion (AIC), by selecting the reduced model
with the lowest AIC. Model assumptions in the final model
were verified, including violations to homogeneity and inde-
pendence of residuals. We introduced a 1-month utilization
lag in the final models to remove temporal autocorrelation in
the residuals. To facilitate interpretation of results, we report
exponentiated model coefficients, which reflect the ratio of
change (odds ratio, OR) in utilization rates associated with
each explanatory variable. Several sets of analyses were car-
ried out in order to study PHC utilization separately in the
general population, in specific age groups (children under
five), and including or excluding malaria cases from the anal-
yses. Using the final model for the general population, we
predicted PHC utilization for every Fokontany in Ifanadi-
ana under a scenario without HSS programmes (no user-fee

Figure 1. Geographic origin of patients from the 19 PCH in Ifanadiana district, 2014–2017. (A) Origin of all patients attending each of the 19 health centers
in Ifanadiana district. For improved visualization, lines between Fokontany and PHC are included only when they represent over 100 patients, with line
transparency inversely proportional to the logarithm of the number of visits. These data were aggregated to obtain a total number of per-capita visits per
month for each Fokontany (lowest administrative unit, comprising one or several villages). (B) Average number of PHC visits per capita-year for each
Fokontany during the study period.
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exemption, no community health support and three health
staff per PHC) and with HSS programmes (user-fee exemp-
tion, community health support and seven health staff per
PHC). Finally, we compared geographic trends in primary
care when combining utilization at both PHC and commu-
nity health sites in the subset of 43 fokontany where the
community health programme had been strengthened by the
MoH–NGO partnership. Analyses were performed with R
software (R Development Core Team, 2011) and R packages
‘lme4’, ‘gstat’, ‘rgdal’ and ‘ggplot2’.

Results
PHC utilization by geographic proximity
Of the 314 443 patients who attended a PHC for an outpa-
tient visit, 276 865 patients had a known geographic location
and 99.25% of these (274 798) came from within the dis-
trict (Supplementary Figure S1). Table 1 presents summary
statistics of the patient population based on these geographic
analyses. Although more than two-thirds of the population
lived further than 5 km from a PHC (5–22 km) and 27%
lived further than 10 km (10–22 km), these populations rep-
resented only 40% and 9% of all patient visits, respectively.
Only a fourth of the population lived within 1 h of a PHC.
Average annual PHC utilization per capita rates were nearly
triple inside the HSS intervention catchment (0.64) than in
the RoD (0.23) for all ages and more than double for children
under 5 years. Utilization rates more than halved for every
5 km and every hour of travel from a PHC for every age group
considered (Table 1).

Spatial analyses revealed that utilization rates increased
over time in the HSS intervention catchment but declined dra-
matically as distance increased within the first 5 km from a
PHC, especially after the system was strengthened at the facil-
ity level (Figure 2). The HSS intervention exacerbated the
impact of geography on utilization (Figure 2b and c), but the
ratio in PHC utilization between populations living in close
proximity (<2.5 km) vs those leaving the furthest (>10 km)
remained the same at over 10 times higher. Following user-
fee exemptions, the HSS intervention catchment experienced
a substantial increase in utilization, from 1 to nearly 3 vis-
its per capita year for populations living in close proximity
to a PHC and from 0.25 to about 0.5 visits per capita
year for populations living 5–10 km from a PHC (Figure 2b
and c).

Despite strong seasonal variation in utilization rates, par-
ticularly for populations living close to a PHC, trends
remained unchanged in the RoD during the study period
(Figure 3). Compared with the RoD, HSS activities in the
intervention catchment resulted in a shift by 5 km in PHC
utilization patterns so that populations living 5 km further
from a strengthened PHC accessed care at rates comparable
to those living 5 km closer to a facility that did not receive
the intervention (Figure 3). We also observed seasonality in
the average distance patients travelled to access a PHC during
the year (Supplementary Figure S2). Overall, 50% of out-
patient visits seen in the intervention catchment came from
localities within 2 km of a PHC and over 75% from local-
ities within 4 km, but in the months of May through July
(dry season) patients came from further away. These sea-
sonal patterns were not observed in the RoD (Supplementary
Figure S2). Ta
b
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Figure 2. Average PHC per capita utilization by distance of Fokontany to PHC. Colors represent the HSS intervention catchment (blue) and the rest of
Ifanadiana district (blue). Each dot represents one of the 195 Fokontany in Ifanadiana, solid lines are the respective non-linear smooth (local regression,
LOESS method) and grey shades are the 95% confidence intervals around each smooth. A clear distance decay pattern can be observed, accentuated
for the HSS intervention catchment due to a larger increase in utilization near PHC following the HSS intervention (B and C). To improve visualization,
one dot from the HSS intervention catchment post intervention (4.5 per capita-year) was removed.

Figure 3. Time-series of PHC per capita utilization by distance of Fokontany to PHC, inside and outside the HSS intervention catchment. (A) Heat map of
observed monthly PHC utilization, where grey color scale is proportional to average per capita values at each distance. (B) Model predictions of PHC per
capita utilization for Ifanadiana, aggregated by intervention catchment area and distance to PHC. Both graphs show that implementation of HSS activities
in the intervention catchment resulted in a shift by 5km of PHC utilization patterns (e.g. those living 5-10km from a PHC in the intervention catchment,
have similar utilization rates than those within 5km outside the catchment). Utilization rates were annualized to improve comparability of results.

Impact of HSS programmes on PHC utilization
Our models confirmed the exponential decrease in PHC
utilization due to geographic distance after accounting for
programme implementation, health system factors and under-
lying temporal trends (Table 2, Supplementary Figure S3).
We carried out several models to understand the consis-
tency of associations when including or excluding malaria

cases (because of their influence on PHC utilization season-
ality), as well as for populations of all ages or only children
under 5 years. In every model, a non-linear relationship with
distance to PHC best explained utilization patterns (better
than using a linear relationship with distance or using travel
time as the explanatory variable), and this was the most
important variable associated with PHC utilization trends
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Table 2. Multivariate model results (generalized linear mixed models with random intercept at the PHC closest to the fokontany of residence)

Outpatient visits for
all ages

Outpatient visits for
children under age 5

Outpatient visits for all
ages, excluding malaria

Outpatient visits for
children under age 5,
excluding malaria

Variable OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Intercept (visits per capita
month)

0.02 (0.011–0.037) 0.032 (0.019–0.054) 0.015 (0.008–0.03) 0.024 (0.013–0.043)

Geographic factors
Network distance to PHC
(10 km, linear)a

0.126 (0.121–0.131) 0.228 (0.212–0.244) 0.095 (0.091–0.1) 0.141 (0.13–0.154)

Network distance to PHC
(10 km, quadratic)a

1.102 (1.076–1.13) 0.898 (0.862–0.937) 1.261 (1.226–1.297) 1.07 (1.018–1.126)

Health system factors
Number of health staff 1.042 (1.037–1.048) 1.032 (1.023–1.041) 1.043 (1.037–1.049) 1.039 (1.029–1.048)
Major PHC (vs basic PHC) 3.238 (1.5–6.993) 3.449 (1.764–6.744) 3.16 (1.421–7.024) 3.634 (1.762–7.493)
HSS catchment (vs outside) 0.663 (0.636–0.69) 0.637 (0.597–0.68) 0.641 (0.611–0.672) 0.634 (0.587–0.684)

Impact of HSS programmes
User-fee exemption
programme

1.09 (1.063–1.118) 0.946 (0.908–0.987) 1.18 (1.145–1.215) –

Interaction with distance
to PHC (10 km)a

1.454 (1.433–1.476) 1.416 (1.385–1.448) 1.44 (1.415–1.466) 1.361 (1.328–1.394)

Community health
programme

1.147 (1.125–1.17) 1.148 (1.118–1.179) 1.112 (1.087–1.137) 1.081 (1.039–1.125)

Interaction with distance
to PHC (10 km)a

1.095 (1.08–1.111) – 1.127 (1.109–1.145) 1.052 (1.02–1.085)

Underlying trends
Linear trend (year) 0.968 (0.962–0.973) 0.968 (0.959–0.977) 0.988 (0.981–0.995) –
Seasonal trendb 1.204 (1.197–1.211) 1.212 (1.199–1.225) 1.031 (1.024–1.038) 1.127 (1.114–1.141)
Lagged trend (1-month lag)c 1.473 (1.466–1.48) 1.304 (1.297–1.311) 1.65 (1.637–1.663) 1.363 (1.352–1.375)

aThe variable network distance represents tens of kilometres (distance in km×10−1) to facilitate interpretation of coefficients and enable model convergence.
bSeasonal trend was constructed as [sin(2π(Monthi +θ/12], where θ was the horizontal shift that best fit the data of each model.
cLagged trend transformed into visits per capita year to allow interpretation of results.

(Supplementary Table S2). After controlling for time trends
and baseline differences in health system factors, patterns of
geographic utilization of healthcare services were also highly
sensitive to HSS programmes implemented in this period,
especially the fee-exemption programme to increase financial
access to PHC and the community program to address geo-
graphic barriers (Table 2). Both programmes had a positive
impact on PHC utilization rates for all ages (OR=1.09
and OR=1.14, respectively), with a higher relative increase
for those populations living further away (OR=1.45 and
OR=1.09, respectively, every 10 km from a PHC). These
results were consistent regardless of the age group considered
or whethermalaria cases were included in themodel (Table 2).
Our models accurately explained spatial and temporal uti-
lization patterns at PHC (Supplementary Figure S4), allowing
us to predict dynamics of PHC geographic utilization in the
district (S2 Video).

Predictions from the model for all ages suggested that in
the absence of these programmes, only 1% of the population
in Ifanadiana district would have per capita PHC utilization
of one visit or more per year and 12%would have 0.5 visits or
more per year. If these programmes were implemented every-
where in the district, nearly one-quarter of the population
(23%) would have a PHC utilization of at least one visit and
nearly half (47%) would have at least 0.5 visits per capita
year. Maps in Figure 4 show predictions of the geographic
distribution of PHC utilization with and without implemen-
tation of HSS programmes, revealing substantial gaps in
health system coverage for remote populations. PHC utiliza-
tion remained low for remote populations under a variety of

HSS scenarios that included hiring additional health staff at
PHC, removing user fees and strengthening community health
(Supplementary Figure S5).

Utilization for children under 5 years when
combining PHC and community health
consultations
To reduce geographic barriers to care, CHWs (two per fokon-
tany) can manage childhood illnesses such as malaria, diar-
rhoea or pneumonia for children under 5 years of age. Data
from community health sites in four communes of the HSS
intervention area revealed that when combining outpatient
visits from both PHC and community health sites for chil-
dren under five, utilization of primary care in this period
exceeded one visit per child for 39 of the 43 fokontany
(94% of under-five population), regardless of the distance
of the population to a PHC (Figure 5a). On average, com-
bined utilization exceeded two visits per child per year in
all distance groups from a PHC (Figure 5b). Average uti-
lization at community health sites substantially increased at
further distances from a PHC: annual utilization was less
than 0.5 at 2.5 km from a PHC and nearly two at fokon-
tany more than 15 km from a PHC. As a result, visits at
community health sites accounted for 90% of total pri-
mary care visits in fokontany further than 15 km from a
PHC, while they accounted for only 10% of total visits at
2.5 km or less from a PHC (Figure 5b). Combined utiliza-
tion of primary care was still lower for children living further
away from a PHC, but the effect of distance was much less
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Figure 4. Predictions of geographic distribution of PHC per capita utilization in Ifanadiana district according to scenarios of HSS intervention
implementation. Color shades represent predictions of annual PHC per capita visits in (A) a scenario where no HSS activities are implemented, and (B) a
scenario where HSS are implemented in the whole district. Maps reveal that despite improvements, even if HSS were implemented across the district,
a large proportion of the population would remain with very low levels of realized access to facility-based primary care.

Figure 5. Annual utilization rates of primary care (PHC and community health sites) per capita by children under 5 years in the HSS intervention
catchment, 2017. Graphs show per capita utilization at different distances to the nearest PHC, disaggregated by PHC and community health visits. It
reveals that utilization at community health sites compensates the distance decay observed for PHC use, with higher community health site utilization
at further distance to PHC and reaching over 2 visits per capita-year for all distance groups. To improve visualization, four dots were removed in the left
graph (utilization over 4 per capita-year).

pronounced due to the exponential increase in community
health site utilization at higher distances from PHC
(Figure 5a), which essentially compensated for the distance
decay.

Discussion
A renewed commitment to strengthening primary healthcare
systems and ensuring UHC is essential to meet the health-
related Sustainable Development Goals (United Nations
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General Assembly, 2015), but enormous questions remain
on how to do this (World Health Organization, 2018b;
Stenberg et al., 2017; Giedion et al., 2013; Atun et al.,
2008; Hatt et al., 2015). Here, we analysed geographic data
from hundreds of thousands of patients in a rural district
of Madagascar undergoing health system transformation to
understand how facility- and community-based interventions
contribute to health system coverage. Our results reveal that
facility-based primary care has limited geographic coverage,
even when it is free of charge at the point of service and of
improved quality, the focus of most national UHC policies
(Garchitorena et al., 2017; Ezran et al., 2019). Communities
that lived within 5 km of a supported PHC exceeded one visit
per person year, but the intervention accentuated the distance
decay (exponential decrease) in PHC utilization and widened
the gap with remote populations, which exacerbated dispar-
ities. We predict that scaling up PHC interventions alone
(removing user fees and improving health system readiness)
would only achieve modest increases in geographic coverage,
with three-fourths of the population consulting at facilities
less than once per person year. Strengthening community
health can have substantial impacts on the geographic reach
of the health system. The effect of geography on primary care
access was greatly reduced for children under 5 years when
considering community health consultations, reaching over
two consultations per child year regardless of distance. CHWs
were the main source of healthcare delivery for children in
remote populations, representing 90% of primary care visits
for those living further than 15 km from a PHC.

Research on geographic accessibility to care has generally
focused on characterizing either potential access (population
within a certain distance from a PHC) or realized access
(actual utilization at different distances to a PHC) (Yao and
Agadjanian, 2018; Chukwusa et al., 2019). In terms of poten-
tial access, a travel time of 1 or 2 hours to health services is
a typically accepted measure of accessibility to health services
(Gething et al., 2012; Pilcher et al., 2014; Noor et al., 2006;
Juran et al., 2018; Bailey et al., 2011). We estimated distance
to PHC using a complete district mapping of over 20 000 km
of footpaths and 100 000 houses. We then parametrized travel
time with hundreds of hours of fieldwork and remote sensing
analyses. This approach allowed us to improve on previous
methods in developing countries that use either Euclidean dis-
tances, friction surfaces (Stock, 2012; Makanga et al., 2016;
Munyaneza et al., 2018) or self-reported answers in surveys
(Gething et al., 2012; Noor et al., 2003; Al-Taiar et al., 2010).
We found that the majority of the population in Ifanadiana
district (75%) lived more than 1 h from primary care at a PHC
and over one-third (38%) lived further than 2 h. These figures
are significantly worse than regional estimates of primary
healthcare access in sub-Saharan Africa (Weiss et al., 2020)
and more comparable to estimated access to secondary care at
hospitals in the region (Juran et al., 2018; Ouma et al., 2018).
This may suggest that either access to care in Ifanadiana is
indeed far worse than average or multi-country approaches
tend to underestimate the proportion of the population with
poor access to care, or both.

When user fees were removed and HSS activities were in
place, we found that utilization rates reached between one and
three consultations per person year for populations in close
proximity to PHC, similar to findings in other studies in Africa
(Zombré et al., 2017), and close to utilization rates in many
OCDE countries with lower disease burdens (Consultations

with doctors, 2018). This suggests that UHC policies can be
effective at increasing healthcare use to internationally accept-
able levels for some populations. Yet, although distance to
PHC is not always associated with lower utilization or worse
outcomes (Munyaneza et al., 2018; Lankowski et al., 2014;
Gething et al., 2004), we observed a similar distance decay
in utilization as previously described in other settings (Feikin
et al., 2009; McLaren et al., 2014; Gething et al., 2012;
Noor et al., 2003; Stock, 2012; Kelly et al., 2016). Moreover,
we show that this decay can be even more pronounced once
interventions aimed at increasing healthcare access have been
implemented. We found that the median distance of patients
to PHC following the HSS was 2 km, similar to results found
in a rural area of Western Kenya (Feikin et al., 2009). Our
results are also consistent with evidence from Burkina Faso
and Ghana, where user-fee exemptions and HSS strategies
achieved greater equity across socio-economic groups but did
not overcome geographic barriers (Langlois et al., 2016; De
Allegri et al., 2011; Mills et al., 2008; De Allegri et al., 2015;
Hounton et al., 2008). This puts into question the assumption
that UHC policies alone, when they are in place and effective,
can ensure the provision of primary healthcare services ‘for
everyone, everywhere’.

Using geographic information from nearly 300 000 pri-
mary care visits to PHC, we show that health system data
can allow for powerful studies of spatio-temporal changes
in healthcare access and for drawing key insights to improve
UHC strategies. Previous studies that combined measures of
geographic access with healthcare utilization or service cover-
age have been restricted to discrete services or conditions such
as obstetric care, tuberculosis, malaria and HIV (Noor et al.,
2003; 2006; Munyaneza et al., 2018; Lankowski et al., 2014;
Ebener et al., 2015; Kuupiel et al., 2019). Electronic health
management information system (HMIS) data currently avail-
able rarely include a low level of geographic disaggregation,
so studies typically use information from national surveys or
restrict the extraction of HMIS geographic information to
particular conditions (Langlois et al., 2016; McLaren et al.,
2014; De Allegri et al., 2011; 2015; Buor, 2003; Rosero-
Bixby, 2004; Ruktanonchai et al., 2016) or to small samples
of patients (Stock, 2012; Gething et al., 2004). One of the
most precise studies linked over 3000 paediatric health vis-
its in seven clinics in Kenya to individual identifiers from a
demographic surveillance system (Feikin et al., 2009). How-
ever, a push for electronic data collection to improve health
information systems is underway in many developing coun-
tries, thanks to the scale up of the open source DHIS2 (District
Health Information Software) among other platforms, which
can be combined with community-based mobile tools for reg-
istering cases and track patient-level data at different levels
of care (Dehnavieh et al., 2018). The level of granularity and
timeliness of data of these e-health platforms will open new
possibilities for integration of feedback loops between spatial
modelling approaches in local planning and implementation
of health strategies to maximize geographic access.

Our study had several limitations. First, our estimates of
travel time were based on speeds recorded in fieldwork done
by health workers and community members, so they represent
local travel time for healthy individuals. Other groups such
as ill individuals, pregnant women or the elderly likely take
longer to reach health facilities, and factors such as break time
during a route that were not considered here could be partic-
ularly relevant for long distances. As a result, even our locally
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calibrated results on travel time may be underestimating true
travel time for certain vulnerable groups. Second, in this study
we assessed aggregate changes in per capita utilization by
fokontany and compared differences between catchment areas
rather than evaluating individual patient itineraries. A study
on prenatal care in Mozambique showed that although most
women living near a PHF used the closest facilities, those
who lived more than 5.5 km away could travel to a further
PHF to seek better services (Yao and Agadjanian, 2018). If
patients from outside the HSS catchment preferred to attend
a HSS-supported PHC despite further distance, this could
have resulted in an underestimation of the intervention effects.
Third, studies in Ghana and Nigeria found that the distance
decay was more important for illiterate, low-income, women,
children and elderly populations (Stock, 2012; Buor, 2003),
but we could only test for the decay in different age groups
because it was the only demographic information collected.
Finally, like for any local study, the generalizability of results
presented here may be limited to other rural, low-income set-
tings with similar characteristics as Ifanadiana in terms of
geography, socio-economic level and health system factors.
Further research is needed to assess whether similar effects of
UHC and community health policies on primary care access
are observed elsewhere.

In conclusion, the results from this study have important
implications for the UHC strategy in Madagascar and other
low-income countries, suggesting that wider support to com-
munity health may be necessary to achieve universal access to
primary care. Although there remains debate on how to opti-
mize community health, a greater ability for populations to
reach facilities is critical in order to directly address the geo-
graphic burden of disease, and professionalized CHWs could
contribute to this by expanding the scope of primary care ser-
vices they provide across a greater range of clinical cases and
demographic groups. More generally, we show how a model
system in global health—based on the dynamic integration of
data and services at multiple levels of the health system in geo-
graphically constrained areas—can help address fundamental
questions on key global health policy issues.
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ABSTRACT
Background  To reach global immunisation goals, 
national programmes need to balance routine 
immunisation at health facilities with vaccination 
campaigns and other outreach activities (eg, vaccination 
weeks), which boost coverage at particular times and help 
reduce geographical inequalities. However, where routine 
immunisation is weak, an over-reliance on vaccination 
campaigns may lead to heterogeneous coverage. Here, 
we assessed the impact of a health system strengthening 
(HSS) intervention on the relative contribution of 
routine immunisation and outreach activities to reach 
immunisation goals in rural Madagascar.
Methods  We obtained data from health centres in 
Ifanadiana district on the monthly number of recommended 
vaccines (BCG, measles, diphtheria, tetanus and pertussis 
(DTP) and polio) delivered to children, during 2014–2018. 
We also analysed data from a district-representative cohort 
carried out every 2 years in over 1500 households in 
2014–2018. We compared changes inside and outside the 
HSS catchment in the delivery of recommended vaccines, 
population-level vaccination coverage, geographical and 
economic inequalities in coverage, and timeliness of 
vaccination. The impact of HSS was quantified via mixed-
effects logistic regressions.
Results  The HSS intervention was associated with a 
significant increase in immunisation rates (OR between 
1.22 for measles and 1.49 for DTP), which diminished 
over time. Outreach activities were associated with a 
doubling in immunisation rates, but their effect was 
smaller in the HSS catchment. Analysis of cohort data 
revealed that HSS was associated with higher vaccination 
coverage (OR between 1.18 per year of HSS for measles 
and 1.43 for BCG), a reduction in economic inequality, and 
a higher proportion of timely vaccinations. Yet, the lower 
contribution of outreach activities in the HSS catchment 
was associated with persistent inequalities in geographical 
coverage, which prevented achieving international 
coverage targets.

Key questions

What is already known?
	► Reaching the minimum recommended vaccination 
coverage of 90% for childhood illnesses remains a 
substantial challenge for low-income and middle-
income countries (LMICs).

	► Understanding how vaccine delivery strategies can 
be improved to achieve coverage targets in rural ar-
eas of LMICs is essential due to the fragility of health 
systems and associated health budgets.

	► While evidence exists on the impact of outreach 
activities and other targeted interventions aimed at 
improving immunisation coverage, it is unclear how 
strengthening local health systems can help improve 
key indicators of vaccination coverage, via its differ-
ent impacts on routine and outreach immunisations.

What are the new findings?
	► A health systems strengthening (HSS) intervention in 
a rural district of Madagascar improved overall vac-
cination coverage, reduced economic inequalities in 
vaccination coverage and increased the proportion 
of timely vaccinations via an increase in routine 
immunisations.

	► The contribution of outreach activities was lower 
in the HSS catchment area than in the rest of the 
district, which was associated with a persistence of 
geographical inequalities in vaccination coverage.

What do the new findings imply?
	► Strengthening local health systems can help improve 
key indicators of vaccination coverage in rural, low 
resource settings, even when those interventions 
do not target specifically vaccine improvements 
themselves.

	► Explicit efforts are still necessary in areas undergo-
ing HSS to vaccinate children in remote areas so that 
immunisation goals can be reached.
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Conclusion  Investment in stronger primary care systems can improve 
vaccination coverage, reduce inequalities and improve the timeliness of 
vaccination via increases in routine immunisations.

INTRODUCTION
Vaccination is one of the most effective public health 
interventions to reduce the burden of infectious diseases, 
particularly among children.1 2 To increase vaccination 
coverage around the world, the Global Alliance for 
Vaccines and Immunisation (GAVI) was created in 2000 
to mobilise funds and technical expertise for child vacci-
nation in the poorest countries in the world.3 4 As a result, 
from 2000 to 2015, global vaccination coverage has 
increased from 72% to 86%.5 As of 2018, 760 million chil-
dren have been immunised and an estimated 13 million 
deaths have been prevented in GAVI-supported coun-
tries.6 Future impacts of immunisations are estimated 
to be larger with the introduction of new vaccines (eg, 
rotavirus, papillomavirus) and the expansion of coverage 
for existing vaccines.7 8 Based on the Global Immunisa-
tion Vision and Strategy, the goal of the Global Vaccine 
Action Plan was to reach a national coverage of 90% for 
basic vaccines in all countries in 2020,8 9 with at least 80% 
coverage in every district.10 Despite great progress, vacci-
nation coverage remains low in many areas of the devel-
oping world due to many reasons.11 For instance, while 
average coverage for third dose of the diphtheria, tetanus 
and pertussis (DTP) vaccine increased from 60% to 
81% between 1999 and 2018 in low-income and middle-
income countries (LMICs), it remained under 40% for 
the bottom ten performing countries.5 Failure to achieve 
critical population-level thresholds for herd immunity has 
resulted in sustained transmission, periodic epidemics 
and has slowed-down progress towards the elimination of 
vaccine preventable diseases such as polio, measles and 
rubella.12–14 Beyond 2020, the new objective of the GAVI 
strategy is to reduce the number of ‘zero-dose’ children 
by 25% in 2025 and by 50% in 2030.15

⁠National strategies⁠ for vaccination in most LMICs typi-
cally involve routine immunisation (RI) at primary health 
centres, complemented with additional outreach activities 
to increase coverage such as periodic vaccination weeks 
(VW) and supplementary immunisation activities (SIAs) 
such as mass vaccination campaigns. RI, where a child is 
brought to a health facility to receive the recommended 
shots, usually free of charge, represents the most reliable 
way of vaccinating children at the right time in order to 
maximise immunity.16 However, its reach is undermined 
by the fragility of health systems in LMICs and multiple 
barriers faced by local populations for accessing health-
care.17 In particular, geographical distance to primary 
health centres is associated with important inequalities 
in vaccination coverage.18 Vaccination campaigns, which 
involve the mobilisation of health workers to administer 
vaccines where populations live during VW and SIAs, are 
a very effective way to cover large geographical areas over 

short periods of time and to reduce geographical inequali-
ties in vaccination coverage.19 20 Consequently, significant 
funding has been mobilised towards increasing coverage 
via vaccination campaigns,20 21 but the low frequency of 
these campaigns can result in heterogeneous coverage 
across age groups,18 22 insufficient number of recom-
mended doses per vaccine23 and important delays in 
immunisation relative to the recommended age of vacci-
nation.24–27 In addition, vaccination campaigns can have 
negative impacts on subsequent rates of immunisation via 
RI,13 28 which could exacerbate these issues. To address 
this, investments in vaccination campaigns could be 
accompanied with broader health system strengthening 
(HSS) efforts to increase the contribution of RI to overall 
immunisation coverage.28 29⁠

Madagascar is illustrative of the challenges and poten-
tial solutions to achieving global goals for immunisation 
in LMICs. Since its launch in 1976, the national Expanded 
Programme on Immunisation (EPI) has contributed to a 
substantial uptake in immunisation30 31 which seems to 
have been an important driver in improvements in life 
expectancy.32 In addition to supporting RI activities, 
the EPI launched biannual VWs in 2006 (‘mother and 
child weeks’, which generally take place in April and 
November),33–35 and conducts occasional SIAs to further 
increase coverage and prevent disease outbreaks.13 36 
As of 2018, vaccination coverage goals for Madagascar 
had not yet been achieved for any of the recommended 
vaccines.37 Suboptimal vaccination coverage can lead to 
larger-than-usual outbreaks (known in epidemiology as 
‘posthoneymoon’ epidemics)13 ⁠. For instance, insuffi-
cient coverage for measles vaccine (~80% by 2017)38 led 
to the largest known measles outbreak in Madagascar 
history in 2018–2019,⁠39 which accounted for one fourth 
of global cases40 that year with nearly 225 000 cases regis-
tered.41 Achieving vaccination coverage targets is partic-
ularly challenging in rural areas of the country, where 
the majority of the population lives, and where coverage 
is over 10% lower than in urban areas37 for all recom-
mended vaccines.

In 2014, the Ministry of Public Health (MoPH) part-
nered with the nongovernmental healthcare organisation 
PIVOT to strengthen the rural health district of Ifana-
diana, located in southeastern Madagascar, to improve 
local health conditions and serve as a model health 
system for the country.42 Though the partnership does 
not include a particular focus on immunisation (which 
is managed directly by the MoPH), it supports a large 
range of interventions at health centres and community 
health sites in approximately one-third of the district, 
which has resulted in substantial increases in primary 
healthcare access and utilisation.43 Those programmes 
include improved ‘readiness’ of health facilities (staffing, 
training, equipment, infrastructure, supply chain) and 
clinical programmes that can directly influence adher-
ence to vaccinations schedules, such as family planning, 
antenatal care, postnatal care and deliveries at health 
facilities.
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The goal of this study was to assess the impact of 
HSS on the relative contribution of RI and vaccination 
campaigns over time, and the impact of these changes 
on key features of immunisation at the population-
level. In particular, we assessed changes between 2014 
and 2018 in the HSS catchment and in the rest of the 
district in (1) the delivery of recommended vaccines, (2) 
population-level vaccination coverage, (3) geographical 
and economic inequalities in coverage and (4) timeliness 
of vaccination. For this, we combined immunisation data 
from all health centres in Ifanadiana district with infor-
mation from a district-representative longitudinal cohort 
conducted every 2 years in nearly 1600 households in the 
district (~8000 individuals).

METHODS
Study site
Ifanadiana is a rural district in the region of Vatovavy 
Fitovinany, located in southeastern Madagascar. It 
comprises about 200 000 people distributed in 13 
communes, with 2 additional communes created during 
the study period. The district’s health system consists 
of one hospital (CHRD) and at least one health centre 
(CSB2) per commune that provides primary healthcare. 
Six communes have additional health centres (CSB1) 
with more limited health services. The initial HSS catch-
ment comprised 4 out of the 13 communes in the first 
3 years (2014–2016). One additional commune was added 
in 2017 to the HSS catchment, with plans to progressively 
cover the entire district over the following years.44 The 
HSS intervention spans across all levels of care (hospital, 
health centres and community health) and combines 
horizontal support to health system readiness (eg, infra-
structure, staffing, equipment, removal of user fees, 
social support to patients) with vertical support to clinical 
programmes (eg, malnutrition, emergency care, tuber-
culosis) and improved information systems.44 45 More 
details are available in online supplemental table S1.46 
Delivery of child immunisation is similar to the rest of 
Madagascar, combining RI with biannual VWs and other 
outreach activities. Only one SIA took place during the 
study period in Ifanadiana, a measles mass vaccination 
campaign in October 2016.

Data collection
Health system data collection
Data on monthly immunisation rates from 2014 to 2018 
were obtained from all 19 primary health centres in 
Ifanadiana district. Two health centres that were recently 
built and lacked consistent data across the study period 
were excluded. Data were obtained on all recommended 
vaccines in the Madagascar EPI, which included tubercu-
losis (BCG), measles, polio and the combined vaccine for 
DTP. For polio and DTP, only the number of third doses 
administered was considered, which indicates comple-
tion of all the required doses for these two vaccines. 
Immunisation information was derived from the health 

centres’ monthly reports to the district, which are aggre-
gated from the health centres’ registers every month by 
MoPH staff. From these, the number of children immu-
nised per month for each of these vaccines was obtained 
for each health centre (CSB1 or CSB2), which included 
all children vaccinated through both routine services 
and outreach activities. The population of children aged 
12–23 months was also obtained for each health centre 
catchment from official MoPH records.47 Data quality 
were monitored by joint PIVOT-MoPH supervisions every 
3 months. During each supervision, data from the health 
centre paper registries, containing each individual visit, 
were used to calculate a number of indicators (though 
the number of immunisations was not among them); 
values for each indicator were then compared with those 
reported in the monthly report to the district.48 Infor-
mation on the geographical extent and timing of the 
HSS intervention was obtained from the NGO’s internal 
records.

Cohort data collection
We obtained population-level information from the Ifana-
diana Health Outcomes and Prosperity longitudinal Eval-
uation (IHOPE), a district-representative longitudinal 
cohort study initiated in Ifanadiana district in 2014.49 It 
consists of a series of surveys conducted in a sample of 1600 
households every 2 years, with questionnaires modelled 
after the internationally validated Demographic and 
Health Surveys (DHS).50 A two-stage sample stratified the 
district by the initial HSS and control catchments. Eighty 
clusters, half from each stratum, were selected at random 
from enumeration areas mapped during the 2009 census, 
and households were then mapped within each cluster. 
Twenty households were selected at random from each 
cluster. A total of 1522 households were successfully inter-
viewed in 2014 (95.1% acceptance rate), 1514 and 1512 
households were revisited during the follow-up in 2016 
(94.6% acceptance rate) and in 2018 (94.5% acceptance 
rate), respectively. Data collection, survey coordination 
and training were conducted by the Madagascar National 
Institute of Statistics.

The survey included a household questionnaire and 
individual questionnaires for all men and women of 
reproductive age (15–59 years and 15–49 years, respec-
tively). All eligible women and men who were in the 
households sampled (usual residents or visitors) were 
interviewed. Data collected through the questionnaires 
included general information about household compo-
sition (size, genders, ages); living conditions, education, 
and other indicators of socioeconomic status; recent 
illness, care seeking for illness and preventive behaviours; 
women’s reproductive history and care seeking 
behaviour for reproductive health; children’s health, 
development, preventive behaviours and care seeking 
for illness; and child, adult and maternal mortality. For 
vaccination specifically, information about vaccination 
status of the children under 5 years was obtained from 
the individual interviews with their mothers. Vaccination 
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status and history was assessed from the children’s vacci-
nation cards when available, or from the mother’s report 
otherwise.

Use of aggregated HMIS data was authorised by the 
Ministry of Public Health’s Medical Inspector in Ifana-
diana district.

Patient and public involvement
Patients or the public were not involved in the design, 
conduct, reporting or dissemination plans of our 
research.

Data analysis
Analysis of immunisation rates at health centres
We studied the effect of the VWs and the HSS interven-
tion on monthly immunisation rates at health centres 
over the study period. For this, we first estimated monthly 
per capita rates (age-specific) at each health centre for 
each vaccine (BCG, polio third dose, DTP third dose and 
measles). Per capita immunisation rates were modelled 
separately for each vaccine via binomial regressions in 
generalised linear mixed models, including a random 
intercept for each health centre. All explanatory varia-
bles (see below) were included as fixed effects. To study 
the effect of VWs and of the HSS intervention on immu-
nisation rates, we built dummy variables coded as 1 for 
the CSBs and months where each programme was in 
place (discrete for months with VWs, and constant from 
the moment the HSS started until the end of the study 
period). We also studied the interaction of the HSS inter-
vention with a linear annual change and VWs, in order to 
account for the additional effect of the HSS intervention 
over time, and for changes in the contribution of VWs 
to overall immunisation rates due to the HSS interven-
tion, respectively. We controlled our analyses for base-
line differences in health system factors and time-varying 
factors, which is akin to a difference-in-differences anal-
ysis. For health system factors, we controlled for base-
line differences between health centres in the initial 
HSS catchment and in the rest of the district, as well 
as between different types of health centre (CSB1 and 
CSB2). For time-varying factors, we controlled for annual 
linear and seasonal changes in immunisation rates in 
the district. Seasonal changes were studied using a sine 
function with a period of 1 year and the horizontal shift 
that best fitted the data. We excluded from the analysis 
the measles immunisations delivered via SIAs in October 
2016 because the target age was children up to 5 years of 
age, which differed from the population group used in 
the analyses (12–23 months).

Univariate analyses were first performed for each 
explanatory variable and those with p<0.1 were retained 
for multivariate analysis. From this full model, a reduced 
model that included only variables reaching statistical 
significance (p<0.05) was obtained via backwards selec-
tion. Effects are reported as adjusted ORs.

Analysis of vaccination coverage in the longitudinal cohort
While an analysis of health centre immunisations can 
provide some basic understanding about the impact of 
the HSS intervention on RI and outreach activities over 
time, it does not allow for obtaining accurate measures 
of vaccination coverage due to known inaccuracies in 
target population estimates, which are often based on 
extrapolation of data from censuses conducted very far 
apart in time.51–53 In addition, aggregated information 
reported by the health system does not allow us to eval-
uate changes in economic or geographical inequalities in 
vaccination coverage, or for the assessment of the time-
liness of vaccination, all of which can be affected by the 
relative contribution of RI and outreach activities in the 
area. For this, we conducted a complementary analysis of 
vaccination coverage at the population-level using data 
from the IHOPE cohort.

Vaccination coverage was estimated for 2014, 2016 
and 2018 from individual level data for children 12–23 
months or 12–59 months (depending on the analysis, see 
below), as the proportion of the target group immunised 
at the time of the interview. Similar to our analysis of 
health centre immunisation rates, we studied separately 
each of the recommended vaccines, namely BCG, polio 
third dose, DTP third dose and measles. We also esti-
mated whether the child had received all of these recom-
mended vaccines. For each child surveyed, vaccination 
status for each vaccine was coded 1 if the child was vacci-
nated based either on the vaccination cards, or on the 
mother’s report, and 0 otherwise. To assess the impact 
of economic and geographical inequalities in vaccination 
coverage, we estimated a household wealth score via prin-
cipal components analysis of household assets following 
standard DHS methods,50⁠ and we estimated the shortest 
path distance from the villages in each cohort cluster to 
the nearest health centre using the Open Source Routing 
Machine engine. For this, we had previously mapped the 
entire district of Ifanadiana on OpenStreetMap, resulting 
in over 23 000 km of footpaths and 5000 residential areas 
mapped.54 Households were ordered based on their 
wealth score and distance to the nearest health centre 
and were classified into five quantiles with 20% of obser-
vations in each category (Q5=wealthiest or closest to the 
health centre; Q1=poorest or most remote). Vaccination 
coverage in children 12–23 months was estimated inside 
and outside of the HSS catchment at the beginning and 
at the end of the study period (2014–2018), disaggre-
gated by wealth quantile and by distance quantile. Consis-
tent with previous studies, changes in inequalities were 
measured as the gap in vaccination coverage between the 
worst-off quantiles (Q1–Q2) and the best-off quantiles 
(Q3–Q5) over time.43 55 56

We then modelled changes in vaccination coverage 
over the study period, studying baseline differences and 
annual changes in overall coverage and in economic and 
geographical inequalities for the HSS catchment and 
the rest of the district. For this, we performed a separate 
logistic regression mixed model for each vaccine, with 
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the household cluster as random intercept. To study base-
line differences between HSS catchments we included 
a dummy variable reflecting whether clusters where 
located in the initial HSS catchment. We included the 
natural logarithm of the wealth score to study differences 
in socioeconomic groups, and distance to health centre 
(in tens of kilometres) to study differences in geograph-
ical groups, both as continuous variables. We included 
two time-varying variables, one to reflect annual changes 
in vaccination coverage in the whole district, and another 
to reflect changes per year of HSS intervention in the 
HSS catchment. Finally, we included interaction terms of 
these two variables with wealth and distance to study the 
evolution of inequalities in each area. We included chil-
dren aged 12–59 months in these analyses to allow for 
adequate sample sizes for each model. Model selection 
procedures were identical to those described above for 
the analysis of health system data. To understand which 
population groups could reach recommended vaccina-
tion coverage targets in the HSS catchment and in the 
rest of the district, we predicted in-sample vaccination 
coverage for 2018 from each of the reduced multivariate 
models, at varying levels of socioeconomic class and prox-
imity to health centres.

Finally, we studied the difference in timeliness of vacci-
nation between the HSS catchment and the rest of the 
district in the subset of children 12–59 months with vacci-
nation cards at the time of the interview in any of the 
cohort waves (N=786). For this, we estimated the child’s 
age at vaccination from the date of birth and the date 
of vaccination. Timely vaccination was estimated for each 
vaccine based on the recommended age of vaccination 
by the national EPI in Madagascar: in the first month of 
life for BCG (recommended to be given at birth), in the 

fourth month for polio third dose and DTP third dose 
(recommended to be given the 14th week), and in the 
9th month for measles.37

RESULTS
Trends in the rates of per capita immunisation at Ifanadiana’s 
health centres
Between January 2014 and December 2018, a total of 
28 407 BCG, 31 476 polio third dose, 33 241 DTP third 
dose and 30 371 measles immunisations were delivered 
by the 19 health centres in Ifanadiana District. Average 
monthly per capita immunisation rates (age specific, chil-
dren 12–23 months) at health centres varied from 0.02 to 
0.21, with an average of 0.08. Higher rates were observed 
on average in the HSS catchment, during months where 
VWs took place and with an apparent increase over 
time in the whole district (figure  1). These immuni-
sation trends were similar for all the different vaccines 
considered (figure 1). Results from multivariate analyses 
revealed that per capita immunisation rates were similar 
for different types of health centre and HSS catchment 
at baseline (table 1). Immunisation rates for all vaccines 
increased over time and varied seasonally, with higher 
rates during the dry season (peak in August) and lower 
rates during the rainy season (bottom in February). 
Annual increase was higher for BCG and measles (OR 
1.23 and 1.1, respectively), which require one single 
dose, than for polio and DTP (OR=1.06 for both), which 
require three doses. VWs were associated with approxi-
mately a doubling in immunisation rates in the months 
where they took place (OR between 1.88 measles and 2 
for polio).

Figure 1  Changes in monthly immunisation rates for children 12–23 months at health facilities in Ifanadiana District, 2014–
2018. (A) Average number of monthly immunisations per capita (age-specific, 12–23 months) delivered by health centres over 
time in the HSS catchment and in the rest of the district, with colours representing different vaccines. (B) Map of Ifanadiana 
district and its health facilities. The initial HSS catchment is shown as yellow shaded areas, whereas the rest of the district is 
shown as white areas. DTP, diphtheria, tetanus and pertussis; HSS, health system strengthening; VW, vaccination weeks.
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The HSS intervention, implemented since October 
2014 in one-third of Ifanadiana district, was associated 
with a significant increase in immunisation rates (OR 
between 1.22 for measles and 1.49 for DTP), although 
this effect diminished over time (OR for interaction of 
HSS with annual change between 0.91 for DTP and 0.95 
for BCG). Interestingly, the relative contribution of VWs 
to overall immunisation rates was lower in the HSS catch-
ment following the HSS intervention, with an OR for the 
interaction with VWs between 0.62 for polio and 0.77 for 
measles (table 1). Full multivariate models that included 
all explanatory variables regardless of statistical signifi-
cance (online supplemental table S4) had results consis-
tent with those described here using reduced models, 
although estimates of HSS impact were smaller in consid-
ering the full set of control variables.

Changes in population-level vaccination coverage from the 
longitudinal cohort
Trends in vaccination coverage and inequalities
In total, data from 2699 children between 12 and 59 
months of age were obtained from the longitudinal 
cohort. Of these, 651 were between 12 and 23 months 
old, the age at which all four immunisations studied here 
should be completed. Vaccination coverage for children 
12–23 months was very low at baseline, ranging from 
about 54%–59% depending on the vaccine. Only 34.6% 
of children 12–23 months were fully vaccinated in 2014. 
Consistent with analyses of health system data, coverage 
for most vaccines improved substantially during the 
study period, especially in the HSS catchment (figure 2). 
In 2018, 63.6% were fully vaccinated in the HSS area, 
compared with only 37.5% in the rest of the district. 
Coverage in 2018 varied for each vaccine considered; 
BCG had the highest coverage (80.8% inside and 70.3% 
outside the HSS catchment), whereas measles had the 
lowest coverage (73.2% inside and 49.2% outside the 

HSS catchment). The minimum recommended coverage 
of 90% was not reached for any of the vaccines, either 
inside or outside the HSS catchment.

Disparities in immunisation coverage were observed 
according to households’ geographical distance to 
health centres and wealth, with different trends in the 
HSS catchment and in the rest of the district (figure 2). 
In 2014, the difference in coverage between households 
living closer (quantiles Q3–Q5) and further (Q1–Q2) 
from health centres ranged from 25% to 32%, except for 
measles vaccine. Differences between wealthier (Q3–Q5) 
and poorer (Q1–Q2) households were smaller, between 
5% and 15% for most vaccines. After 4 years, economic 
inequalities in vaccination coverage were substantially 
reduced in the HSS catchment, with little change in 
geographical inequalities. In contrast, in the rest of the 
district geographical inequalities were greatly reduced, 
while economic inequalities increased for all vaccines 
except for polio. Online supplemental table S2 shows 
vaccination coverage rates in each of the cohort years 
(2014, 2016 and 2018) and these different population 
groups.

Determinants of vaccination coverage trends and predictions of 
coverage targets
Multivariate analyses of vaccination coverage trends 
between 2014 and 2018 revealed consistent predic-
tors for most of the vaccines studied (table 2). Baseline 
differences between the HSS catchment and the rest of 
the district were observed for only two vaccines, BCG 
(OR=0.6) and DTP (OR=1.65). Coverage of each of the 
four vaccines was positively associated with household 
wealth and negatively associated with household distance 
to health centres. The odds of vaccination for children in 
remote households was between half (OR=0.52, measles) 
and a fifth (OR=0.22, BCG) for every additional 10 km 
from the nearest health centre. Vaccines with three 

Table 1  Determinants of per capita monthly immunisations at health centres in Ifanadiana district, 2014–2018 (Generalized 
Linear Mixed Model (GLMM), multivariate results*)

Variable
BCG 
immunisations

Polio immunisation 
(third dose)

DTP immunisation 
(third dose)

Measles 
immunisation

Monthly coverage at baseline (intercept) 0.04 (0.03 to 0.04) 0.06 (0.06 to 0.07) 0.06 (0.06 to 0.07) 0.06 (0.05 to 0.06)

Time-varying factors

 � Annual change 1.23 (1.22 to 1.25) 1.06 (1.05 to 1.07) 1.06 (1.05 to 1.07) 1.1 (1.09 to 1.11)

 � Seasonal changes 1.05 (1.03 to 1.07) 1.05 (1.03 to 1.07) 1.06 (1.04 to 1.08) 0.98 (0.96 to 1)

Effect of programmes and policies

 � Mother and child week (2 months per 
year)

1.95 (1.89 to 2.02) 2 (1.93 to 2.06) 1.95 (1.89 to 2.01) 1.88 (1.82 to 1.95)

 � Health system strengthening (HSS) 1.4 (1.29 to 1.52) 1.34 (1.25 to 1.44) 1.49 (1.39 to 1.6) 1.22 (1.14 to 1.32)

  �  HSS×annual change 0.95 (0.93 to 0.97) 0.92 (0.91 to 0.94) 0.91 (0.9 to 0.93) 0.92 (0.91 to 0.94)

  �  HSS×mother and child weeks 0.73 (0.69 to 0.77) 0.62 (0.58 to 0.66) 0.65 (0.61 to 0.69) 0.77 (0.73 to 0.82)

*Results are expressed as probabilities for the intercept and as OR with associated 95% CIs for all other variables. Models initially controlled 
for health system factors (type of health centre and baseline differences in HSS catchment vs control) but these were removed in the final 
reduced models for lack of statistical association.
DTP, diphtheria, tetanus and pertussis.
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required doses were the most associated with household 
wealth, with an OR of 2.58 for DTP and 2.85 for polio. 
District-wide improvements in vaccination coverage were 
associated with a reduction in geographical inequalities 
over time and not with a homogeneous improvement for 
all population groups. Indeed, the OR of the interaction 
between annual change and distance to health centre 
ranged from 1.17 (all vaccines) and 1.31 (BCG and polio), 
meaning that each year households living far from health 
centres had progressively better coverage, closing the gap 
with those living in close proximity. Changes in the HSS 
catchment were distinct from the rest of the district. First, 
every year of HSS intervention was associated with an 
increase in the odds of vaccination in the HSS catchment 
between 1.18 (measles) and 1.43 (BCG), except for DTP. 
Unlike the rest of the district, children from wealthier 
households in the HSS catchment had lower odds of 
vaccination over time (OR of interaction ranging from 
0.73 to 0.83), meaning that baseline economic inequali-
ties were progressively reduced. However, the decrease in 
the odds of vaccination over time for more remote house-
holds in the HSS catchment (OR of interaction ranging 
from 0.72 to 0.84) effectively compensated the positive 
effect observed in the district as a whole, meaning that 
geographical inequalities were only reduced outside the 
HSS catchment. Full multivariate models that included all 
explanatory variables regardless of statistical significance 
(online supplemental table S5) had results consistent 
with those described here using reduced models.

In-sample predictions from these multivariate models 
for 2018 revealed stark differences for achieving inter-
national coverage targets depending on HSS support 
and population characteristics (figure 3). Overall, a 90% 
coverage (recommended coverage at the national level) 
could only be achieved for BCG, and just for populations 
who live in close proximity to a health centre with HSS 
support and who are among the wealthiest in the area. 
When the target is relaxed to 80% coverage (minimum 
coverage recommended for every district), there were 
some population subgroups for which this target could 
be achieved in the HSS catchment for every individual 
vaccine. The range of socioeconomic and geograph-
ical groups for which minimum coverage rates could 
be reached was much larger for BCG and polio than 
for DTP and measles (figure 3). Coverage targets for all 
recommended vaccines simultaneously (instead of each 
independently) could not be achieved for any popula-
tion group. In areas outside of the HSS catchment, a 90% 
coverage was not achieved for any of the recommended 
vaccines or population subgroups. Only those in the top 
percentiles of wealth and proximity to a health centre 
achieved an 80% coverage for BCG vaccination without 
HSS support.

Timeliness of vaccination
Among the 786 children aged 12–59 months who had a 
vaccination card at the time of the interview, timeliness 
of vaccination varied widely depending on HSS support 

Figure 2  Changes in vaccination coverage for children 12–23 months and associated inequalities in Ifanadiana district, 
2014–2018. (A) shows changes in immunisation coverage over time, split by HSS catchment and type of vaccine. (B) shows 
inequalities in coverage over time, according to geographical quantiles (distance to health centre, left panel) and economic 
quantiles (wealth score, right panel). Colour gradient shows the difference in coverage between the best-off groups (quantiles 
3–5) and the worst-off groups (quantiles 1 and 2), from dark blue (greater difference, more inequalities) to light blue (smaller 
difference, less inequalities). Results from an equivalent analysis of inequalities but comparing Q4–Q5 vs Q1–Q2 is available in 
online supplemental figure S2. DTP, diphtheria, tetanus and pertussis; HSS, health system strengthening. by copyright.
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and the vaccine considered (figure  4). Most children 
were vaccinated in the first month of life for BCG, at 
4–5 months for the third dose of polio and DTP, and 
at 9–10 months for measles (figure  4A). Vaccination 
occurred later than recommended in national policies 
(see methods section) for many children, especially those 
outside the HSS catchment. As a result, the proportion of 
children vaccinated at the recommended age was higher 
in the HSS catchment, ranging between 58% for BCG 
and 44% for polio and DTP (figure 4B). In the rest of 
the district, this proportion was significantly lower and 
ranged between 49% for BCG and 22% for polio and 
DTP. Timeliness of vaccination improved between 2014 
and 2018 in the HSS catchment for all vaccines except for 
BCG, while it only improved for measles in the rest of the 
district (online supplemental figure S1).

DISCUSSION
The COVID-19 pandemic has brought renewed attention 
to the benefits and challenges of ensuring global access to 
vaccines as the most effective means to reach herd immu-
nity, halt epidemic spread and save countless lives.57 58 
For routine childhood immunisations, delivery strategies 
have not substantially changed in decades: vaccines are 
delivered by healthcare professionals, either at health 
facilities or through outreach activities in the form of 

vaccination campaigns. Understanding how these delivery 
strategies can be improved in order to achieve vaccina-
tion coverage targets is essential, especially in rural areas 
of the developing world where delivery is significantly 
more challenging due to the fragility of health systems 
and associated health budgets. Using a comprehensive 
dataset on childhood immunisations at both the health 
system and population levels in a rural district of Mada-
gascar, we show here how strengthening local health 
systems can help improve key indicators of vaccination 
coverage, with different impacts on routine and outreach 
immunisations. The HSS intervention led to an increase 
in RI, resulting in higher vaccination coverage, a reduc-
tion in economic inequalities, and a higher proportion 
of timely vaccinations. Yet, these gains disproportionately 
benefited those who lived in closer proximity to health 
facilities. Lower contribution of outreach activities in 
the HSS catchment was associated with a persistence of 
inequalities in geographical coverage in the area, which 
prevented achieving international coverage targets for 
many population groups.

There is widespread agreement that RI should be the 
basis and the foundation of immunisation programmes, 
but questions remain on how to optimise the delicate 
balance between providing long-term support to RI and 
improving short-term access via outreach activities.16 59 

Table 2  Determinants of vaccination coverage at the population level in Ifanadiana district, 2014–2018 (Generalized Linear 
Mixed Model (GLMM), multivariate results*)

Variable BCG immunisation
Polio immunisation 
(third dose)

DTP immunisation 
(third dose)

Measles 
immunisation

All recommended 
vaccines

Immunisation coverage at 
baseline (intercept)

0.8 (0.73 to 0.86) 0.77 (0.71 to 0.83) 0.71 (0.62 to 0.78) 0.68 (0.61 to 0.75) 0.47 (0.38 to 0.56)

District-wide differences

 � Baseline differences in HSS 
catchment vs control

0.6 (0.39 to 0.92) – 1.65 (1.12 to 2.44) – –

 � Socioeconomic class (log of 
wealth score)

2.18 (1.51 to 3.15) 2.85 (1.92 to 4.23) 2.58 (1.75 to 3.8) 2.3 (1.6 to 3.32) 2.68 (1.84 to 3.91)

 � Distance to health centre 
(every 10 km)

0.22 (0.12 to 0.4) 0.3 (0.17 to 0.51) 0.31 (0.18 to 0.53) 0.53 (0.33 to 0.85) 0.35 (0.19 to 0.62)

Changes in the district

 � Annual change – – – – –

  �  Annual 
changexsocioeconomic 
class

– – – – –

  �  Annual changexdistance to 
health centre

1.31 (1.21 to 1.41) 1.31 (1.21 to 1.41) 1.23 (1.14 to 1.33) – 1.17 (1.08 to 1.27)

Changes in the HSS catchment

 � Change per year of HSS 1.43 (1.22 to 1.66) 1.19 (1.04 to 1.36) – 1.18 (1.04 to 1.34) 1.22 (1.08 to 1.38)

  �  Change per year of 
HSS×socioeconomic class

– 0.75 (0.6 to 0.95) 0.83 (0.67 to 1.03) 0.78 (0.63 to 0.97) 0.73 (0.59 to 0.9)

  �  Change per year of 
HSS×distance to health 
centre

0.81 (0.65 to 1) 0.72 (0.58 to 0.9) 0.84 (0.73 to 0.96) 0.76 (0.62 to 0.91) 0.81 (0.66 to 1)

*Results are expressed as probabilities for the intercept and as OR with associated 95% CIs for all other variables. A sign ‘-’ means that the variable 
was not part of the final reduced model for lack of statistical association.
DTP, diphtheria, tetanus and pertussis; HSS, health system strengthening.
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The multiplicity of barriers to accessing health facilities 
for populations in low-resource settings requires mass 
vaccination campaigns and other outreach activities to 
maintain or increase coverage, but these strategies can 
have, in turn, negative effects on the rates of RI.13 28 For 
instance, RI in Madagascar decreased in the months after 
SIAs and VW, resulting in seasonal gaps in immunisa-
tion and delays from the recommended age of vaccina-
tion.13 Here, we provide complementary insights: where 
RI improved due to ongoing HSS efforts, the contribu-
tion of outreach activities to overall vaccination coverage 
diminished, with mixed impacts on coverage inequal-
ities. Timeliness of vaccination was better in the HSS 
catchment, with twice the proportion being vaccinated 
at the recommended age for polio, DTP and measles in 
the HSS catchment than in the rest of the district. Timely 
vaccination is key to ensuring that children are fully 
protected against common childhood illnesses by the 
time when they are most at risk, and can help prevent 
episodic outbreaks.26

We found that the HSS intervention was associated with 
a 20%–50% increase in the odds of monthly per capita 
immunisations, which resulted in a 20%–40% increase in 

the odds of coverage per year from 2014 to 2018, and 
a reduction in economic inequalities over time. This 
effect may seem counterintuitive, as immunisations are 
provided free of charge at health facilities across Mada-
gascar as part of the national EPI. However, it has been 
widely reported that despite childhood vaccines being 
free of charge, children of poorer households frequently 
have lower vaccination coverage than their peers,60–63 
which is consistent with our findings. Seeking healthcare 
for healthy children may not be always be a priority for 
people living under severe poverty, especially given the 
disproportionate impact of the loss of income associated 
with seeking care, indirect transportation costs, and lower 
reported awareness of the long-term benefits of vaccina-
tion.60–63 This may explain why BCG vaccination coverage 
decreased significantly as a function of distance to the 
health centre, as most deliveries in remote areas occur 
at home. The HSS intervention included, among others, 
renovations to health facilities, hiring of additional health 
staff, community sensitisation and expanded support for 
reproductive health, including deliveries in health facil-
ities, antenatal and postnatal care, all of which could 
have improved the confidence on the health system 

Figure 3  Predictions for achieving vaccination coverage targets for different population groups in Ifanadiana district. Graphs 
show in-sample predictions of vaccination coverage for the year 2018, estimated from models fitted with the cohort dataset 
(coefficients available in table 2). For this, vaccination coverage was estimated for every combination of household distance to 
health centre and wealth (split into deciles) in the HSS catchment and in the rest of the district, using the fixed effects of each 
model. Areas with predicted coverage greater than 90% or 80% are surrounded with white dashed lines or black dashed lines, 
respectively. DTP, health system strengthening; HSS, health system strengthening.
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and increased awareness, particularly among mothers of 
young children. In addition, the removal of user fees at 
health facilities, which resulted in a tripling of primary 
care utilisation for individuals of all ages over this period 
and significant increases in maternal health services,55 
could have had the indirect benefit of increasing health 
seeking for services that were already free of charge, 
as adults and mothers get more used to visiting health 
centres. An increase in perinatal health services could 
indeed explain why BCG vaccination coverage was consis-
tently higher than measles coverage, since BCG is deliv-
ered right after birth as opposed to measles, which is 
delivered 9 months later. Health system approaches such 
as the one implemented in Ifanadiana are increasingly 
recognised as potential solutions to achieve, not only 
vaccination coverage targets, but also progress towards 
universal health coverage.64 65

Despite HSS efforts to support vaccination delivery at 
the community level during VW and other outreach activ-
ities, geographical inequalities in vaccination coverage 
persisted or even increased for certain vaccines in the 
HSS catchment, probably as a consequence of the higher 
contribution of facility-based immunisations to overall 
vaccination coverage in the area. Distance to health-
care facilities is a known determinant of low vaccination 
coverage,60 66 67 especially in countries like Madagascar, 
where coverage is lower than average.17 Outreach activ-
ities during VW and mass vaccination campaigns can be 
effective ways to reduce geographical inequalities,21 and 
these took place in both the HSS catchment and the 
rest of the district. The higher contribution of outreach 
activities to overall vaccination coverage in the area of 

Ifanadiana not supported by the HSS intervention would 
explain why most of the gains in vaccination coverage 
were seen via a reduction of geographical inequalities 
over time (remote populations benefited more than 
populations living closer to health centres). However, 
previous modelling studies have shown that eliminating 
geographical inequalities alone will not achieve coverage 
targets across Africa, and that parallel increases in routine 
vaccination rates are necessary.17 This is consistent with 
our results, where only certain population groups in the 
HSS catchment (those of higher socioeconomic level and 
living in proximity to health centres), but none in the rest 
of the district, actually reached international coverage 
targets required for herd immunity. Additional efforts 
are therefore necessary to sustain improvements in the 
district, including the geographical expansion of HSS 
efforts, and a particular focus on supporting outreach 
activities in the HSS catchment (eg, more frequent vacci-
nation campaigns, routine expeditions by mobile teams).

Our study had several limitations. First, we used official 
MoPH data on population size for children aged 12–23 
months in our analysis of per capita immunisations at 
health centres. These are notoriously inaccurate and 
can lead to estimated coverage rates above 100%, which 
would be the case in our setting if we had used annual-
ised rates. This is unlikely to have affected our analysis 
unless inaccuracies in population data were highly struc-
tured across health centres (much overestimated in some 
and underestimated in others). The consistency between 
health system and cohort results suggests that there was 
limited bias in the analyses of per capita immunisations. 
Second, less than one-third of the children studied in the 

Figure 4  Timeliness of vaccination among children 12–59 months in Ifanadiana district. (A) Age of vaccine administration (in 
months) as reported in children’s vaccination cards inside the HSS catchment (solid lines) and in the rest of the district (dashed 
lines), with colours representing each type of vaccine. (B) Proportion of children vaccinated at the recommended age for BCG 
(1st month), third dose of polio (4th month), third dose of DTP (4th month) and measles (9th month), as per the Madagascar 
Expanded Programme on Immunisation. DTP, diphtheria, tetanus and pertussis; HSS, health system strengthening.
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cohort had a vaccination card at the time of the inter-
view, so their vaccination status (and therefore estimates 
of coverage) depended largely on the mother’s report. 
Although potentially flawed due to recall bias, vaccina-
tion coverage figures used by most international organ-
isations and national governments are based on surveys 
(DHS, MICS, etc) that use the same methods, and the 
proportion of children with vaccination cards was not 
lower here than in other settings.68 Third, our analysis 
of vaccination timeliness used exclusively children with 
vaccination cards and we observed that this group was 
significantly wealthier and closer to health facilities than 
children without vaccination cards (online supplemental 
table S3), so timeliness results may not be generalisable 
to the whole district population. Fourth, although we 
account for baseline differences between the two areas in 
our models, the HSS catchment had significantly better 
socioeconomic indicators than the rest of the district,44 
which could have impacted the positive results observed 
in the HSS catchment over time. Finally, although the 
IHOPE cohort includes over 8000 individuals, the sample 
size for children aged 12–23 months is relatively low, 
which precludes the robust estimation of vaccination 
coverage predictors with complex statistical models. For 
this reason, we expanded the age range of the cohort 
statistical analyses to children aged 12–59 months. This 
could have had an impact in the interpretation of results 
if trends observed for children 12–59 months were greatly 
different from those in children 12–23 months.

In conclusion, our study shows that strengthening 
local health systems can help improve vaccination 
coverage and timeliness of immunisation in rural, low-
resource settings, even when those interventions do not 
target specifically vaccine improvements themselves. By 
increasing the contribution of RI over other immunisation 
strategies such as VW or mass campaigns, the interven-
tion helped reduce economic inequalities in vaccination 
coverage, but failed to reduce geographical inequalities. 
Overall, the target of 90% immunisation coverage was 
not achieved for any vaccine, but many populations in 
the HSS intervention area achieved immunisation levels 
above 80%. Explicit efforts are necessary in areas under-
going HSS to vaccinate children in remote areas so that 
immunisation goals can be reached.
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